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ABSTRACT
A totally new molecular be a m  method for the production of a 
barrier films on metal surfaces has successfully been 
developed. The method developed is capable of the deposition 
of mixed oxide barrier films on an atomic layer-by-layer 
basis. This enables the films to be grown to any desired 
thickness. The films produced, whilst being very thin (less 
than 2oX> have a particularly dramatic effect on 
interdiffusion between metallic phases. The XPS analysis and 
the electrochemical test confirmed that the films are 
uniformly deposited and non-porous. Thus they are believed
to be of considerable importance for the development of 
advanced materials. A further development of the process
which should f acilitate its use on continuous lengths of 
fibre or sheet material e.^. metal wire and carbon-fibre tow,
has also successfully been undertaken.
The in ^itu deposition carried out in this work has produced
clean and fresh films of chlorides and been able to eliminate
the problem of surface deterioration. Having this, the
opportunity was taken to investigate the development of the
satellite structure on the 2p peaks in the photoelectron
spectra of the 3d transition metaKIl> chlorides, over the
whole range from GrGl to ZnCl . New features and increased2 2
detail of the 2p photoelectron satellite lines have been 
obtained in the course of this work.
ABSTRACT
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The success of the advanced material is dependent upon the 
ability to control the reaction between the materials used 
in the system. This dependence places a severe limitation 
on the combinations of materials that may be used. One way 
of overcoming this limitation is by coating the material 
with a corrosion resistant or passive barrier film. This 
thesis describes a technique for the production of a mixed 
oxide film of Cr(III) and Fe(II) by using molecular beams
of Cr(III) chloride, Fe(II) chloride and H 0. The
technique developed is capable of the deposition of the 
film on an atomic layer- by-layer basis. The growth
process and the properties of the film which are desired 
for advanced materials were studied. XPS was the main
analytical tool in many stages of this work. The
information contained in the XPS which comes from the first 
four to five atomic layers at the surface of the sample has 
provided the opportunity to follow and examine the
development of the film.
The mixed oxide films produced are capable of inhibiting 
interdiffusion between metallic phases. They also permit 
the conduction of electrons. The XPS analysis and the 
electrochemical test confirmed that the films are 
continuous and non-porous.
The in situ deposition carried-out in this work has 
produced clean and fresh films of chlorides and been able 
to eliminate the problem of surface deterioration. Having 
this, the opportunity was taken to investigate the 
development of the satellite structure on the 2p peaks in 
the photoelectron spectra of the 3d transition metal(II) 
chlorides, over the whole range from CrCl^ to ZnCl^. New
or increased detail of the 2p photoelectron satellite lines 
has been obtained in the course of this work.
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ABBREVIATIONS
AES Auger Electron Spectroscopy
ALE Atomic Layer Epitaxy
ARE Activated Reactive Evaporation
BE Binding Energy
CAE Constant Analyser Energy
CHA Concentric Hemispherical Analyser
CHA Cylindrical Mirror Analyser
CRR Constant Retard Ratio
CVD Chemical Vapour Deposition
ESCA Electron Spectroscopy for Chemical Analysis
FWHM Full Width at Half Maximum
KE Kinetic Energy
LTM Linear Transfer Mechanism
MBE Molecular Beam Epitaxy
MBSCR Molecular Beam Surface Chemical Reaction
MMC Metal Matrix Composite
MSE Material Science and Engineering
PACVD Plasma Assisted Chemical Vapour Deposition
PMC Polymer Matrix Composite
PPBS Post Peak Background Slope
PVD Physical Vapour Deposition
RBS Rutherford Back Scattering
EF Radio-Frequency
RTV Room Temperature Vulcanizing
111
SAM Scanning Auger Microscopy
SCE Standard Calomel Electrode
SIR Surface and Interface Reaction
UHV Ultra High Vacuum
UPS Ultra-violet Photoelectron Spectroscopy
VG Vacuum Generator
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1 INTRODUCTION
It is well known that almost universally in high technology 
applications, materials to be used must exhibit enhanced 
mechanical, chemical, electronic or combination of various 
and sometimes conflicting properties. The typical approach 
to the production of materials aimed for high technology 
applications, often called "advanced materials" , utilizes 
some form of composite materials. Frequently, in such 
composites there is a need to bring dissimilar and 
incompatible materials into close contact with each other. 
The success of this exercise depends not only on the 
properties of these materials, but also on the ability to 
control the reaction between them . This is a special case 
of the general case of controlling the reaction between a 
material and its environment i,e corrosion. This
dependence places a severe limitation on the combinations 
of materials that may be used. Copper and copper-based 
materials are no exception to this generality, examples 
being the diffusion of copper into polymer over long times 
[1-4], the loss of oxygen from superconducting ceramics 
[5,6] as well as numerous and unexpected forms of 
corrosion. One way of overcoming the problem of damaging 
interface reaction, as in the above examples, is by coating 
the material with a corrosion resistant or passive barrier 
film. The coating required in this context must be well 
bonded, uniform in thickness or continuous and almmost free
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of porosity extending to the substrate surface.
Passive films are normally formed as a result of the 
corrosion process itself by selective enrichment of a 
beneficial element and the dissolution of the more soluble 
species. This process is inefficient and unreliable in the 
majority of the cases. Even in the case of stainless steel 
two thirds of the metal oxidized is lost to the solution 
during passivation and the situation is much worse for less 
strongly passivating alloys such as those based on copper. 
Furthermore the electrochemical activity itself may destroy 
the properties that is desired to protect while, of course, 
the majority of surfaces are not suited to electrochemical 
processing.
With this background in mind, a research programme was 
planned to develop a method for the production of barrier 
films and in particular to a method of producing barrier 
films for advanced materials. The barrier films would 
themselves be thin, < 10 nm, and of intrinsic strength but 
would not necessarily contain elements of the substrate i.e 
would not be native films or conversion coatings. The 
method should be capable of the deposition of the barrier 
films on a layer-by-layer basis onto a copper substrate. 
An attempt was also made to apply the barrier films 
produced in solving the problematic interface reaction 
Within other advanced materials, e,g carbon fibre
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reinforced composites.
In planning this study, emphasis was placed on the 
availability of the instruments for advanced surface
analytical techniques such as X-ray photoelectron 
spectroscopy (XPS), as well as on the considerable
experience accumulated in the application of the techniques 
to study of corrosion in wide variety of environments and 
to characterize the interface within advanced materials.
This thesis describes the above-mentioned work which was 
carried out by using an XPS technique. The information 
contained in the XPS comes mainly from the first four to 
five atomic layers at the surface of the sample. This has 
provided the opportunity to follow and examine the 
development of the barrier films, grown on a layer-by-
layer basis by a technique referred to as Molecular Beams
Surface Chemical Reaction (MBSCR). The films were 
deposited onto the Cu-substrate uniformly. Attempts were 
also made to test the quality of the films. The continuity 
and the non-porosity of the films were checked by using 
electrochemical technique i.e anodic and cathodic
polarization; as for any coating to be resistant to 
corrosion it has to be continuous and non-porous. It has 
also been shown that the films, whilst being very thin 
(less than 20^A) have a particularly dramatic effect on 
interdiffusion between metallic phases. It is believed that
-3-
they are likely to be of considerable importance for the 
development of advanced materials.
The in situ deposition technique used in this work has been 
able to deposit metal chlorides from the vapour phase which 
produces clean and fresh films, and in particular are oxide 
free. This has given an opportunity to study the 
development of the satellite structure on the 2p peaks in 
the photoelectron spectra of the divalent transition metal 
chlorides over the whole range from Cr(Il) chloride to 
Z n (11) chloride from the samples with very well defined 
stoichiometry. This study has revealed some features not 
previously reported. With this work we would like to 
contribute to the ongoing discussion about the satellite 
structure in the XPS spectra of the above mentioned 
compounds.
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2 LITERATURE SURVEY
2.1 Introduction
The interfacial problems in advanced materials are 
crucially important as the production of such materials 
necessitates the bringing of dissimilar and incompatible 
materials into close contact with each other. In this 
chapter some specific interfacial problems; the need of 
barrier films in solving such problems; the nature of the 
barrier films required and some techniques of deposition of 
layers will be reviewed. These lead to the objectives of 
this investigation which are presented in the last section 
of this chapter.
2.2 Some Interracial Problems in Advanced Materials
2.2.1 Barrier Films on Copper—substrate
Coating or bonding of copper and its alloys has numerous 
applications. Polymer coated copper wire for example is 
widely used in communication and wire winding for magnets. 
Studies have shown that surface treatment before bonding or 
coating improves the performance of the systems. In fact 
surface treatment is of major significance to the integrity 
and durability of the bonding or coating which is often 
subjected to severe service conditions. Some surface 
treatment studies have been carried out to find an 
oxidizing solution which would not corrode copper to any
-5-
great extent but would generate thin, continuous and 
mechanically strong passive films of oxide C7-101.
Adhesives which corrode copper can affect the life time of 
the joints. Some such systems are room temperature 
vulcanizing (RTV) silicones that give-off acetic acid 
during vulcanization [11], ethylene-acry1ic acid copolymers 
and certain curing agents for epoxies. Ethylene-acryIic 
acid copolymers under certain conditions form a copper salt 
[8]. The fact that thermal oxidation of the polymer 
coating is accelerated appreciably in the presence of 
copper, its salt and oxides is well-known [11-14], It was 
confirmed by some workers [1-4] that copper ions actually 
migrated into the polymer and acted as a catalyst in the 
oxidation process and as a result the polymer became
brittle and cracked.
During the initial stage of the oxidation (by ambient
oxygen) of such polymer used for coating, hydroperoxide
groups are formed. These groups tend to decompose,
possibly leading to mainchain scission and cross-linking. 
Catalytic action of copper ions is mainly operative for the 
initiation reaction at the copper-polymer interface and for 
the decomposition of hydroperoxides. As the prevention of 
the delivery of copper ions to the polymer would be the 
most efficient way of inhibiting the catalysis [15,16], it 
is therefore necessary to generate or deposit corrosion 
resistant or passive films on copper substrates, which will
—6—
be acting as diffusion barrier films.
Electrical components such as switches, relays, 
commutators, circuit brakers, slip rings and connectors 
which involve contact surfaces require gold coatings on 
copper substrate to resist film formation for wear 
resistance and easy soIderabi1ity. Usage of such devices 
in high temperature environments will present a serious 
problem as the interdiffusion between gold and copper can 
easily take place at high temperature. The barrier films 
required in this case should be able not only to inhibit 
AU“Cu interdiffusion but also to permit electron 
conduction.
2.2.2 Barrier Films For High Critical Temperature CT )C
Copper Ceramic Superconductor
The advent of high temperature superconductors, one of the 
today’s hottest technical areas [17], opens new vistas of 
possibility. Superconductors need to be surrounded by 
"shunt" materials, which can carry heavy currents around 
faults that occasionally occur in the superconducting 
medium [18,19]. The mini-materials battle between copper 
and aluminium for the best of shunt material for old 
technology superconductors, such as niobium-based alloys 
bathed in liquid helium at 4K, was won years ago by copper 
[20]. For the new high T superconductors, rare-earth
copper oxide ceramics at temperature above 77K (a region 
that permits the use of liquid nitrogen as a coolant), we 
however have a different story. In rare-earth copper oxide
ceramics superconductors (such as YBa Cu 0 ) the lastZ 3 7-X
oxygen atom is very important for the superconducting
properties but on the other hand is very loose and easily 
removed. This makes copper, as a promising metal matrix, 
unsuitable to be the material in contact with these new 
superconducting ceramics because copper would capture the
valuable oxygen atom [5,21,223. Copper does not capture
the oxygen from the superconducting ceramics by diffusing 
or dissolving but rather by a chemical reaction C23D. It 
is obvious that the problematic interface reaction between 
copper and superconducting ceramics is very important and 
something which has to be studied, but it is firmly 
believed that some kind of intermediate layers or barrier 
films Mill be needed in order to stop the escape of oxygen 
due to interfacial chemical reaction i.e passive films.
For this purpose the passive film should also be an
electronic conductor, which can be deposited onto the
superconducting ceramics. The use of liquid nitrogen in a 
cooling system of the new superconductors can be thousands 
of times cheaper than liquid helium. Superconductivity 
could be an important new market for copper, particularly 
in transmission lines, energy storage devices and other 
applications yet to be contemplated.
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A tremendous interest exists in the formation of high 
superconducting films for device applications. The
deposition of such films has been developed to accommodate 
a wide range of substrates including HgO, Si, SiO^, A 1^ 0^ , 
and SrTiOg [23a]» There is also an interest of coating 
other materials such as copper wire with this 
superconducting material [23b]» Rutherford Backscattering 
(RBS) spectra from the annealed superconducting films 
reveal the diffusion of yttrium, barium, and copper into 
the substrate, and thin films of less than 1,500*A show a 
lower T^ as a result of this depletion effect, see Fig, 2.1 
[23a]. In the case of silicon substrates, the diffusion of 
copper into the substrates is quite substantial even after 
annealing at about 900*C for only 10 seconds [23a], All 
these are clearly showing the problem inherent in forming 
superconducting film on the useful substrates and hence the 
need of an appropriate diffusion barrier to preserve the 
superconducting thin film composition.
2.2.3 Barrier Films on Fibres
There is no doubt that fibre-reinforced polymers dominate 
the composite industry [24]. The product have wide 
applications; from home appliances, sporting and leisure 
goods to some parts of the primary structure of many 
commercial airlines. However based on the present state of 
the art technology, such polymer matrix composites (PHCs)
-9-
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Fig. 2.1 Rutherford backscattering spectra of laser- 
deposited superconducting film on sapphire. 
Cu, Y and Ba peaks shifted to the lower back 
-scattered energy, revealed the diffusion of 
the elements into the substrate (23a).
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may not be able to meet the new requirements. In some 
cases, the temperatures that will be encountered in the 
modern technological application are too high; beyond the 
capabilities of PHCs, even too high for all but a few 
homogeneous metals. Of these few homogeneous metals, 
practically none have sufficient strength and stiffness at 
high temperature. However by reinforcing some of these 
alloys with high strength stiff ceramic or carbon/graphite 
fibres, the resulting composites will be capable to survive 
in severe environments. Here is where metal matrix
composites (MMCs) come into their positions. In HMCs we
may obtain many of the advantageous properties of both the 
ceramic and the metal while minimizing the disadvantageous 
properties of ceramic e.g. brittleness and difficulty in 
shaping,
HMCs are unique because they combine the high stiffness and 
strength of fibres, but also retain the elastic-plastic 
behaviour of the matrix material. As such, they may offer 
many attractive properties:- high operating temperature, 
low sensitivity to changes in temperature or thermal shock, 
high strength, modulus, toughness and impact resistance,
high surface durability and low sensitivity to surface
flaws and high electrical and thermal conductivity. The 
continuous fibre reinforced MMCs offer the best combination 
of strength and stiffness; the key properties in structural 
design.
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Perhaps the most versatile and certainly the most prevalent 
reinforcement in advanced composites are carbon/graphite 
fibres [25], They offer the most favourable specific 
strengths of the available fibres [26,271. The major metal 
alloy matrix systems of potential interest are Mg, Al, Ti 
and Ni/Co superalloys. Carbon fibre reinforced MMCs 
represent the next generation of high stiffness, low 
thermal expansion materials for application on 
dimensionally critical structures, such as space crafts 
[28]. In fact, in the case of some grades of carbon 
fibres, a negative coefficient of thermal expansion (GTE) 
can be achieved. This can be specially advantageous for 
designing spacecrafts which may be subjected to a large 
temperature gradient, since an MMC with near zero GTE can 
be used e.g. carbon fibre/Mg system C291.
Despite their bright future, carbon fibre reinforced MMCs 
present a very serious problem; reinforcement and matrix 
compatibility. There are major difficulties in the 
fabrication, such as the lack of wetting of the fibre with 
Al-matrix C303, Mg-matrix and the occurrence of 
fibre/matrix interaction which causes fibre deterioration. 
Because molten Mg and Molten Al do not wet or bond to 
carbon/graphite fibres, load transfer from the matrix, to 
the fibres is impossible to be achieved.
Investigations by Jackson and Marjoram [32] on
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electrodeposited nickel-graphite composites show that the 
exposure of the coated fibre at and above 1273K caused 
severe degradation in strength. This was attributed to the 
reaction of nickel to promote recrystallization of the 
graphite, which was characterized by a change in 
crystallite size and appearance of additional lines in an 
X-ray diffraction pattern. Similar effects were also 
observed with cobalt at 973 K and nickel-chromium at 773 K. 
Like other transition metals, titanium can readily react, 
even in the solid state, with carbon fibres or graphite to 
form carbides C331. In these carbides of transition metals 
the atoms are combined with bonds of a metallic nature and 
they have nonstoichiometric compositions. Investigation by 
Honjo and Shindo C301 showed that the strength of the 
TiC-coated fibres decreased following the relation a a 
d where d is the thickness of the TiC layer which is
in the range 10 to 100 nm. To summarize, it can be said 
that there are severe corrosion problems in using carbon 
fibre in Ti and Ni/Co superalloys.
Besides carbon fibre reinforced MMCs mentioned above, other 
MMCs of considerable interest are metal, boron, carbide, 
and ceramic oxide fibres systems. Table 2.1, 2.2 and 2.3 
[341 show various combinations of fibres and matrices for 
MMCs and their field of applications that have been further 
investigated since 1970. The damaging interfacial
reactions also occur in these systems. Metal fibre HMCs
-13-
Table 2.1 Composites of the metal fibre/metal matrix system (34)
FIBRES MATRIX FABRICATION METHOD FIELD OF APPLICATION
AlgCOg Al-1,5 Cu 
alloy
Al-Ce alloy 
(8 - 12% Ce)
directional solidification as electrical conductors 
of high tensile strength
directional solidification nuclear industry
Stainless
steel
Al powder metallurgy; 
lamination
aircraft industry
Be ribbons Al; Ti
Ta
Mo
Mg
Ti or Ti 
alloy
Al or Ti cladded Be rods 
are inserted in drilled Al 
or Ti preforms; mechanical 
deformation of the preform
infiltration technique
powder metallurgy; fibre 
alignment by extrusion, 
rolling, etc.
shafts for high speed 
rotating engines e.g 
rotor shafts in heli­
copter, controlrods in 
aircraft
aircraft industry
supersonic aircraft, 
rocket propulsion
Be or Ti Ti alloy; explosive welding of
cladded Be pure Ti interposed layers of Ti
and Be fibres
aircraft construction
Be Ti
Ti-6A1-4V 
Ti-6Al-6V2Sn 
Ti-5Al-2,5Sn
hot extrusion of mixed 
precursor of Ti and Be; 
the latter can be present 
as fibre preforms
aircraft industry
NigAl Ni - 2 to 10 
% Al
powder metallurgy; the 
fibre like phase is formed 
in-situ during the 
mechanical working
oxidation resistant, 
high strength at high 
and low temperature
NigTa Ni-Ta alloy unidirectional solidifi- (not stated)
cation
Ni Cr Al Y Ni alloy powder metallurgy
W/1% ThOg superalloy invesment casting
W W-Ni-Fe liquid phase sintering;
alloy the W fibres are recrystal­
lized to avoid dissolution
sealing elements in 
turbines, compressor
jet engines
(not stated)
Stainless
steel
Ni alloys electroforming rocket engines
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Table 2,1 (Cont.)
FIBRE
Mo, Ti, Nb
W
W filament 
coated with 
successive 
layers of B 
and Ti or
Ti or Mo 
band coated 
with Sic
MATRIX
Ni super- 
alloy
Cu
Fe or alloys
FABRICATION METHOD 
powder metallurgy
melt impregnation 
not defined
Ti, Mg
FIELD OF APPLICATION 
(not stated)
electrical machinery 
(not stated)
Nb filaments Ni, Cu, Ag
various processes
Nb filaments inbedded in a 
Cu, Ni or Ag matrix are 
passed through a molten bath 
of NbgSn
(not stated)
superconductors
Table 2,2 Composites of the carbon, boron, carbide ,., fibre/metal matrix 
system (34)
FIBRE
BORSIC
C coated 
with a Ag- 
Al alloy
MATRIX
Al
Al-4,5M-0, 
6Mn-l, 5Mg
Continuous B Al 
or BORSIC + 
beta-SiC dis 
-continuous 
fibres
FABRICATION METHOD
powder metallurgy; the com­
posite article is cladded 
with a sheet of Ti by 
diffusion bonding
powder metallurgy
FIELD OF APPLICATION
turbine blades
high temperature 
resistant components ; 
arms, aircraft
liquid phase hot pressing (not stated)
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Table 2.2 (Cont.)
FIBRE MATRIX FABRICATION METHOD FIELD OF APPLICATION
C (graphite, Ni/Co Alumi- 
amorphous nide 
carbon)
coating C fibres with Ni 
or Co; mixing with Ni Co 
Al powder; hot pressing
C coated Al or Al melt impregnation
with boride alloys Mg;Pb; 
of Ti,Zr,Hf Sn;Cu;Zn
C pretreated Al 
with molten 
NaK alloy
SiC with W 
core
Al alloy con 
-taining car 
-hideforming 
metal e.g. 
Ti, Zr,....
Al-Cu alloy
melt impregnation
melt impregnation
coating the filaments with 
Cu; passing the Cu coated 
filaments through an Al 
melt
(not stated)
(not stated)
(not stated)
(not stated)
(not stated)
Mg or Mg 
alloy
Mg or Mg 
alloy
hot pressing of alternating 
layers of matrix metal and 
fibres; small amounts of Ti, 
Ni, Cr, Zr, Hf or Si are 
added to promote wetting
melt impregnation, the 
molten Mg matrix contains 
small amounts of Mg-nitride 
to enhance wetting of the 
fibre
aircraft industry
turbine fan blades; 
pressure vessels; 
armor plates
C coated 
with Ti
Sic
B + stain­
less steel; 
BORSIC + Mo 
fibres
Mg
Be or alloys 
with Ca, W, 
Mo, Fe, Co, 
Ni, Cr, Si, 
Cu, Mg, Zr
Al, Ti
melt infiltration; liquid 
phase hot pressing
(not stated)
vacuum impregnation with mol aerospace and nuclear 
-ten Be or plasma spraying industry 
fibres with Be and consoli­
dation by metallurgical 
process
impregnation; spraying, etc. areospace industry 
combination of high strength 
ductile and brittle fibres
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Table 2,2 (Cont.)
FIBRE MATRIX FABRICATION METHOD FIELD OF APPLICATION
Sic Ti or alloy hot pressing of interposed 
Ti-3A1-2,5V layers of fibres and matrix 
sheets; SiC fibres are pre­
viously coated with Zirco­
nium diffusion barrier layer
compressor blades ; 
airfoil surface
Carbides of 
Nb, Ta, W
SiC contai­
ning 0,01- 
20% free 
carbon
Sic contai­
ning 0,01- 
30% free 
carbon
SiC contai­
ning 0,01- 
20% free 
carbon
C coated 
with car­
bides
Ni-Co alloys 
Fe-Cr alloys
Cr base 
alloys
Co or Co 
base alloys
Mo base 
alloys
Ni or Ni 
alloys
unidirectional solidifi­
cation
aircraft industry
powder metallurgy; the free high strength heat 
carbon reacts with the chro resistant material e.g. 
-mium to form carbides, thus vanes and blades for 
improving bonding ability turbines; rocket nozzle
powder metallurgy or melt 
impregnation; carbide for­
mation between the fibres 
and the Co matrix
powder metallurgy
melt impregnation
high strength heat 
resistant material e.g. 
vanes and blades for 
turbines; rocket nozzle
high strength heat 
resistant material e.g. 
vanes and blades for 
turbines; rocket nozzle
aeronautic industry
B Cu—T1—Sn 
alloy
liquid phase sintering cutting tolls
C coated 
with Ti 
boride
bronze various processes
Cu alloy powder metallurgy; the
fibres are mixed with a 
slurry of Cu powder and 
2% of a carbide-forming 
metal powder (Ti, Cr,..)
Al, Cu, Sn the matrix contains alloy-
Pb, Ag, Zn ing elements of Ti and B
Mg to prevent deterioration
of the TiB coating of the 
fibres
bearing materials
high strength electric 
conductive materials
aeronautic industry
C coated 
with Ni
metals with 
melting point 
lower than 
that of Ni
melt impregnation (not stated)
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Table 2.2 (Cont.)
FIBRE
C coated 
with SiO + 
Sic
Monocarbides 
of Ta, Ti, W
Sic
Beta-SiC
Sic
whiskers
C coated 
with TiB
MATRIX
Al, Mg, Ti,
Ni
Al, Al-Si 
alloy, Ag 
or Ag alloys 
Cu or Cu 
alloys
Si
Ag or Ag 
alloys
Si
Ag
Mg, Pb, Zn, 
Cu, Al, Zn
FABRICATION METHOD
melt impregnation, powder 
metallurgy
melt impregnation
melt impregnation 
(not stated)
powder metallurgy
hot pressing (in zero- 
gravity conditions)
melt impregnation
FIELD OF APPLICATION
(not stated)
abrasion resistant 
materials
(not stated)
electric conductor, 
contacts ......
abrasive materials
(not stated)
(not stated)
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Table 2.3 Composites of the ceramic oxide or glass fibre-metal matrix 
system (34)
FIBRE MATRIX FABRICATION METHOD FIELD OF APPLICATION
Al^OsJ SiC; Al-Cu alloy 
Aloxy-ni tride
Al-Li alloy
mixing minute filaments in 
molten matrix; after solidi­
fication, the filaments pe­
netrate through grain 
boundary regions
infiltration with a molten 
1 - 8% Li alloy; reaction 
occurs between Al 0 fibre 
and the Li
(not stated)
(not stated)
AlgOg-SiO;
Y AlgOg
Ni coated 
glass cera­
mic fibres
Al melt impregnation; powder
Al-Zn alloy metallurgy, etc.
Al powder metallurgy
aeronautics
sliding parts
continuous 
and poly­
crystalline
Mg or alloy melt impregnation of aligned turbine blades, 
fibres, preferred composites springs, shafts, 
contain at least 50% fibres ...............
C, B, glass, Mg alloy 
ceramic, 
metal fibres
powder metallurgy; the com- multiple applications 
posite contains two different 
Mg alloy phases
Glass fibre light 
metals
melt impregnation constructional parts
Metal coated Fe, Be, Ti, 
glass fibre Al, Sn
chopped metal coated glass 
fibres are mixed with glass 
filaments and metal powder; 
hot pressing
dimensional stable 
machine parts, e.g. 
friction elements
Glass fibres Pb melt impregnation battery plates; 
bearing materials; 
acoustic insulation.
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suffer from internietal 1 ic diffusion between fibres and 
matrix with subsequent formation of new low strength phases 
[27,34]. For example, a significant problem encountered in 
the tungsten fibre reinforced nickel alloy matrix composite 
relates to the reduction of the recrystallization 
temperature of the tungsten wire caused by nickel diffusion 
into the tungsten grain boundaries. In the case of boron 
fibre, boron as an element which has a high affinity for 
metals is able to react with most metals used in aerospace 
industry (Mg, Al, Ti, Ni and their alloys) to produce one 
or several borides [39]. The formation of borides at the 
fibre-matrix interface is responsible for the fibre 
deterioration.
The importance of fibre-matrix interfacial reaction in MMCs 
has well been recognized and this demands fibres to be 
coated with barrier films to minimized or eliminate 
reaction as a source of fibre-property degradation or in 
some systems to facilitate wettability and bonding between 
fibre and matrix. The coating must be well bonded, uniform 
in thickness and almost free of porosity extending to the 
substrate surface. It seems not many publications 
concerning the techniques to develop diffusion barrier 
layers appear in open literature . Host of the techniques 
developed were filed for patent protection (and some still 
remain confidential). Katzman [31] used hydrolysis and 
pyrolysis of alkoxides (a class of organometal1ic compounds
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in which metal atoms are bonded to hydrocarbon group by 
bridging oxygen atoms) to deposit silicon dioxide coatings 
on graphites fibres. This allowed the fabrication of 
graphite-reinforced magnesium composites. This technique 
was further studied by Eawal and Misra C353 in producing 
graphite/Mg composites. They found that chemical reaction 
between magnesium matrix and silicon dioxide on the 
graphite fibre has facilitated wettability at the 
fibre-matrix interface.
In the case of of boron fibre reinforced MMCs the kinetics 
of the chemical interaction between the fibres and matrix 
are controlled essentially by the diffusion of boron atoms 
in the crystal lattice of the intermediate phases appearing 
at the fibre-matrix interfaces. Attempts have been made to 
prevent or decrease the boron-matrix diffusion by coating 
the fibres. These coatings consist of diffusion barrier 
layers composed of Al^O^ C363 or of different carbides 
[37-39] or nitrides [40] and were obtained by chemical 
vapour deposition (CVD) technique.
Like other fibres, in order to make refractory carbide, 
nitride and boride fibres or filaments more suitable for 
incorporation within metal matrices, thin barrier layers 
hafnium carbide or hafnium nitride layers [41] or 
carbon-rich silicon carbide layers [42], have been 
deposited onto them. On the other hand, development of
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diffusion barrier films for refractory metal-alloy wire has 
received little attention. However, investigations on the 
deposition of diffusion barrier layers onto various fibres 
intended for MMCs are still going on; to develop
techniques; determine optimal conditions of coating
thickness, composition etc.
The major obstacle encountered in developing a successful 
coating is the method of application. The conventional 
methods of applying coatings to massive substrate are not
satisfactory for smal1-diameter fibres. This will be
discussed further in the section 2,4; "The Deposition of 
Layers". Despite those problems mentioned above, 
considerable work is underway in many countries to develop 
reinforcements, matrices and production routes. However 
the future success of many MMCs depends on the solution of 
fibre-matrix interfacial problems [17]. Techniques for 
fibre coatings have been available, but the quest for 
better and more reliable barrier films is still continuing 
in order to meet the exacting needs of modern MMCs.
2.3 The Nature of Passivating Films
As can be seen from the above discussion the production of 
advanced materials necessitates the bringing of dissimilar 
and incompatible materials into close contact with each 
other and the success depends upon the ability to control
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the reaction between them i.e. between the material and its 
environment. From the corrosion point of view, that is its 
ability to Withstand corrosion. The need of passive or 
diffusion barrier films in solving damaging interfacial 
reactions within advanced material has also been portrayed. 
Naturally the question to be look at now is the nature of 
the passive or diffusion barrier films that will serve the 
purpose. Generally speaking they should be good corrosion 
resistant films.
All aspect of the corrosion on metals and alloys are so 
intimately related to the properties of passivating films 
which form on them. It seems that among materials 
classified as corrosion resistant materials, stainless 
steels are the most popular ones in many major industries 
particularly chemical, petroleum, process and power 
industries. This is probably the reason why of all passive 
films on metals and alloys none have received as much study 
as those which form on stainless steels. This fact can be 
seen by following the relevant literature.
The excellent corrosion resistance of stainless steels is 
attributed to the presence of a passive film on their 
surfaces which is self-healing in a wide variety of 
environments. This film, of 2 nm in thickness, will 
protect the alloys in strong acid, reducing the reaction 
current to ca. IpAcm It has been studied by surface
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analytical techniques such as XPS C44-57 3, AES 
[44,52,54-56,58-64] over the past sixteen years and before 
that by electron diffraction [65,66], Literature dealing 
with the recent works in this area is available [67-89], 
Studies in this area indicate that the film is an amorphous 
and highly hydrated mixture of Cr(IlI) and Fe(II) oxides. 
There is an excellent measure of agreement on the 
composition and thickness of this type of film, since it 
has been the subject of a round robin within the Working 
Party on Surface Films and Protection of the European 
Federation of Corrosion [68-70], Other protective films 
are also known and they often have the same characteristic 
of the that on stainless steel, they are composed of mixed 
oxides. It is unusual for mixed oxides to form on alloys 
since normally separate phases are formed, either as 
different layers or as conglomerates. For examples, in 
Ni-Cr alloys system with low Cr contents, internal 
oxidation of Cr forms Cr^O^ islands within a matrix of 
almost pure Ni, NiO is formed as an outer scale. The 
inner layer, sometimes porous, consists of NiO containing 
NiCr^O^ spinel islands. In the case of Fe-lOCr alloy, the 
mixed oxides (Fe 0 = Fe^*Fe^*0 and FeCr 0 ) are also3 4 2 4 2 4
formed as separate phases. The oxidation morphologies of 
the above alloys are shown schematically in Fig, 2.2a and 
Fig, 2.2b respectively [71],
Accordingly, if mixed oxides do form, they are associated
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Fig. 2.2 Schematic diagrams of
(a) the oxidation morphology of dilute 
Ni-Cr alloys
(b) the scale morphology on Fe-lOCr (71).
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With a good corrosion resistance, for example in the case 
of spinel oxides formed on alloys intended for high 
temperature use. The oxides of the alloying components may 
react with each other and form a more stable complex oxide 
(double oxides, spinels, etc.). Diffusion rates in double 
oxides and spinels are often appreciably smaller than in 
the single oxides E1751. Conversely, attempts to produce 
passivating or protective films by the evaporation or 
deposition of a pure metal followed by its oxidation do not 
normally succeed. This is both because of the ease of 
diffusion through single oxides and because the oxidation 
of a layer of metal stimulates diffusion and leads to the 
development of crystallinity. It follows therefore that 
the technique required for the formation of protective 
films in the present context should be capable of the 
deposition of mixed oxides of Cr(III) and F e (11) on an 
atomic layer-by-layer basis,
2. 4 The Deposition of Layers 
2. 4. 1 Introduction
In the previous discussion it was pointed-out that the 
barrier films for use on advanced materials should consist 
of mixed oxides, such as the passive films which form on 
stainless steels. One of the factor which must be taken 
into account is the thickness of the films. This demands 
the technique for the deposition of mixed oxides films for
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use on advanced materials should be able to control the 
thickness of the films. The technique which is capable of 
the deposition of mixed oxides on an atomic layer-by-layer 
basis will certainly fulfil this requirement. Here we will 
survey some deposition techniques for "surface engineering" 
of conventional materials and examine the manner they 
perform, whether or not they can fulfil the above 
requirement,
There are various deposition techniques and numerous 
schemes have been devised to classify or categorize them 
based on various approaches. Chapman and Anderson C721 for 
example, classify them under the general heading of 
conduction and diffusion processes, chemical processes, 
wetting processes and spraying processes. They classify 
chemical vapour deposition (CVD) under the chemical 
processes and physical vapour deposition (PVD) 
(evaporation, ion plating, and sputtering) under spraying 
processes. Bunshah and Mattox [733 give a classification 
based on depositing species, e.g, whether it is 
atoms/molecules, liquid droplets or bulk quantities, as 
shown in Table 2.4. Another classification of the methods 
of depositions of thin films are given by Campbell [743 
(based on chemical approach), Schiller et,af.[753 and 
Weissmante1 [763 (based on physical approach). However, 
none of these classifications are very satisfactory since 
several techniques will overlap different categories.
-27-
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Since the technique required in the present context should 
be capable of the deposition on an atomic 1ayer-by-1ayer
basis, obviously only those categorized as atomistic
deposition processes by Bunshah and Mattox [73] are 
relevant to be surveyed and examined, namely CVD, PVD and 
molecular beam epitaxy (MBE).
2.4.2 CheitTiical Vapour Deposition CCVD3
CVD is a chemical process which takes place in vapour 
phases very near the substrate or on the substrate so that 
a reaction product is deposited onto the substrate as a 
solid layer. Depending on the species to be deposited, CVD 
process is normally conducted at a temperature of between 
between 773K to 1323K.
The process involved in the formation by CVD of a solid 
layer on a substrate surface is shown in Fig. 2.3 [773. A 
CVD apparatus can vary widely, often depending on the 
particular applications. For example, the CVD apparatus
shown schematically in Fig. 2.4a was used by Tietjen and 
Amick [77a3 to deposit single crystal GaAs^^^P^ layers 
epitaxially from the vapour phase, using arsine and 
phosphine as sources of arsenic and phosphorus, whereas 
the one shown in Fig. 2.4b was used by Colombier and Lux 
[77b3 for codeposition of A 1^0^ and Ti(C,Ü) as a mixed 
chemical vapour deposition layer from AlCl -TiCl -CH -CO3 4 2
-29-
Carrier gas + Reactants —
Gas phase reaction
Carrier Gas + unreacted reactants + products
Transfer of reactants to surface
Transfer of 
products to main flow
Adsorption of reactants
Gas
Desorption of product
Substrate surface
77777777777777777777777777777777777777777777777
Solid
Surface Diffusion
+Surface Reactions
Fig. 2.3 The process involved in the formation by CVD 
of a solid layer on a substrate surface (77).
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PH3 + H;
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Continues — 
to exhaust and stopcock
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HCI + H; Gallium
zone
775°C
Reaction j Deposition
zone ------
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Ga
Fig. 2.4a Schematic illustration of the CVD apparatus 
used to depos 
layers (77a).
it single crystal GaAs^
heoted tube 
200 °C 2 . 4 b
65mbar exhaust
reactor
TiCi, 1050“C
cold trap
Fig. 2.4b Schematic illustration of the CVD apparatus 
used for codeposition of Al^O^ and Ti(C,0) 
as a mixed CVD layer (77b),
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-H gas mixtures. 2
A large number of chemical reactions are available for the 
deposition from gaseous precursors which include the 
thermal decomposition or reduction of chlorides, bromides, 
iodides, hydrides, organometallies (including carbonyls), 
hydrocarbons, phosphorus trifluorides complexes and ammonia 
complexes [78]. As far as oxide is concerned, CVD has been 
used to deposit ZnO [793, SiO^ [80-823, Al^O^ [83-853 and 
TiO [863.
Plasma-assisted chemical vapour deposition (PACVD) is not a 
separate process but a merely a derivative of the CVD in 
which chemically reactive species are generated by 
utilizing plasmas. In PACVD radio-frequency (RF) field 
(frequency; 50kHz - 10 MHz, power input: 50W - IkM) is
applied either by capacitative or inductive coupling to the 
reactor containing the reactant gases [773. The energetic 
electrons in the plasma collide with reactant gas molecules 
to produce ions (chemically reactive species) and secondary 
electrons. The bulk of the gas and the substrate do not 
reach high temperatures because of the non-equilibrium 
nature of the glow discharge plasma. This provides the 
chief advantage of PACVD over CVD that is the ability to 
deposit films at relatively low substrate temperature, 
typically < 573K [873,
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As mentioned in section in section 2.2.3, CVD has been used 
to deposit nitrides, carbides and oxides onto boron fibres. 
Although CVD and PACVD are capable of producing oxides, 
they are however not very good, at producing regularly mixed 
or sequenced layers of oxides because the growth conditions 
are tailored to each compound. Switching between different 
gases supplying different components is possible but cannot 
produce atomic layer-by-layer alternation of compounds /.e. 
mixed oxides.
2. 4. 3 Physical Vapour Deposition
PVD is a physical process in which metals, alloys or metal 
compounds (in vapour form) are deposited from a source onto 
a substrate by employing one of the three main techniques 
of evaporation, sputtering or ion plating in high vacuum 
atmosphere.
Evaporation
In the evaporation process, vapour is formed from the 
material located in a source which is heated by direct 
resistance, radiation, eddy current, electron beam, laser 
beam or an arc discharge. The vapour is then condensed 
onto the cooler substrate to form a solid film. This 
process is usually carried out in a vacuum (typically 10  ^
- 10^ Torr) so that the vapour atoms or molecules travel
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in a straight line from the source without colliding with 
the background gas molecules prior to condensation on the 
substrate..
Fig. 2.5a shows a schematic of a vacuum evaporation system 
using electron beam heating C793, From the flux profile in 
Fig. 2.5b, it is clear that the thickness of the deposited 
species is greatest directly above the centreline of the 
source and decreases away from it C801. However the vapour 
flux on all parts of the substrate can be evened by 
imparting a planetary or rotating motion to the substrate 
holder.
For direct evaporation of oxides, a very high temperature 
is needed; typically > 873K. Evaporation can occur with or
without dissociation into fragments. Only very few oxides 
evaporate without dissociation C901. Compound dissociation 
poses a major problem; difficulty in obtaining fully 
stoichiometric films. For example, films obtained by
direct evaporation of Al^O^ show an oxygen deficiency; /.e. 
Al 0 r.911.2  3 - x
To circumvent the problem of oxygen deficiency in oxide
deposition, evaporation was performed in a background gas 
of oxygen at .. 1.5 x 10 Torr. This technique is referred 
to as reactive evaporation and is often used to deposit 
compounds by promoting a reaction between evaporated metal
-34-
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Fig. 2.5a Vacuijm-evaporation process using 
electron beam heating (79).
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Fig. 2.5b Flux profile of the evaporated! species (80)
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atoms and the reactive gas C92]. Further control of the 
process is possible by activating one of the species, for 
example by ionizing oxygen in an electrical discharge. 
This method is called activated reactive evaporation (AEE) 
and is shown schematically in Fig, 2.6. Deposition rate in 
ARE can be as high as several ^mtmin)"*^. However this rate 
can be controlled as low as 0.03 ^im(min)^^ an auxiliary 
filament to sustain the discharge at reduced evaporation 
rates C93.1,
Sputtering
Sputtering is a process in which energetic particles are 
used to dislodge and eject atoms physically from the 
surface of a target, as a result of the momentum transfer 
from the incident energetic particles to the atoms in the 
target surface.
If the atoms of the material sputtered travel through the 
vacuum system and condense on a surface substrate to form 
thin films the process is called sputter deposition; 
illustrated schematically in Fig. 2,7 [94], Sputtering can 
also be used to etch defined areas, using a suitable mask 
material, to give a pattern on the substrate or to etch 
thin films as commonly practised in depth profile analysis, 
j'.e, sputter etching.
For bombardment, ionized heavy inert gas (called plasma)
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Fig. 2.6 Schematic illustration of the 
activated reactive evaporation 
(88).
-37-
WORKING
GAS
TARGET
POWER
SUPPLY
TtTTtTTTT?. SUBSTRATE
VACUUM
PUMPS
VACUUM
CHAMBER
Fig. 2.7 Schematic representation of sputter 
deposition process (94).
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such as argon is usually employed. The target material is 
negatively biased so that its surface is bombarded by 
positive ions from the plasma. Direct current is suitable
for conducting target materials but it cannot be used for
non-conducting targets because of charge accumulation on
the target surface. To overcome this difficulty a
radio-frequency (rf) sputtering is used [95-983. 
Variations of this process include reactive sputtering (KS) 
where at least one of the coating species (in the gas 
phase) is introduced into the chamber to react with 
sputtered material and forms the required coating. 
Examples of reactive sputtering include sputtering A 1 and 
Ti in oxygen gas to form A1^0^C993 and TiO^ C 1003
respectively.
Ion Plating
Ion plating is an atomistic film deposition process 
combining the advantageous of sputtering and evaporation. 
In this process a substrate is bombarded with ionized heavy 
inert gas (plasma) before and during the time it is being
coated, /.e. films deposition is begun without interrupting
the ion bombardment. Coating material is vapourized in a
manner similar to that in the vacuum evaporation.
Obviously, for films to form it is necessary for the
deposition rate to be higher than the sputtering rate.
This process is illustrated schematically in Fig. 2,8 in
which evaporation of coating material is carried out by
-39-
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using electron beams [88].
When 1 on plating is conducted with a reactant gas, the 
process is called reactive ion plating (RIP). In RIP the 
reactant gas is introduced in the vacuum chamber during 
deposition in controlled amounts. The plasma in the 
chamber will activate the reactant gas and the vapourized 
atoms to react. The reaction in the gas phase can occur 
before the material is deposited or it can occur on the 
substrate- Stoichiometry of the coating can be tailored by 
controlling the process parameters. Oxides that have been 
prepared by this technique include TiO^ [101,1023 and Al^O^ 
[103, 1043.
From the above discussion it is clear that evaporation, 
sputter deposition and ion plating techniques can deposit 
oxide layers. However the thickness of the layer cannot be 
controlled precisely and layer-by-layer alternation of 
mixed oxides cannot be produced. Thus they are not the
satisfactory solutions to the present requirement.
2.4.4 Molecular Beam Epitaxy CMBEl
A relatively new and widely used technique of producing
compound films of very precisely controlled thickness in 
the field of electronic or optical materials is molecular
beam epitaxy (MBE). HBE is a process to grow compound
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films epitaxially onto a substrate resulting from the 
condensation of directed beams of molecules or atoms. 
These beams are generated in ultra~high-vacuum (ÜHV) system 
from furnaces i.e, Knudsen-effusion-cell type (K-cell). 
The K-cell temperature can be controlled accurately to give 
a molecular beam of desired flux (molecules cmT^s"*).
The essential elements of a HBE system are illustrated 
schematically in Fig, 2,9 C1051. The UHV system is used to 
house several K-cells loaded with different compounds or 
elements. Each K-cell is equipped with an externally 
controlled shutter and aperture arrangement. Operation of 
these shutters permits the beams of evaporated material to 
be modulated z.e. the composition and/or doping of the 
growing film can be altered abruptly by changing the 
species of the beam C1053. However because oxides are 
insufficiently volatile to form a molecular beam, MBE is 
not a suitable technique for deposition of mixed oxides on 
an atomic layer-by-layer basis. Furthermore an MBE system 
is usually complex and expensive.
2.5 Atomic Layer Epitaxy 
2.5.1 Introduction
A variant of MBE technique, called atomic layer epitaxy 
(ALE), is a technique to grow thin films of compound via a 
stepwise monoatomic layer-by-layer process, resulted from
-42-
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Fig, 2.9 Schematic illustration of the essential 
elements of a MBE system for the growth 
of a doped III-V compound (105).
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the chemical reactions between the reactants occurring at 
relatively low temperatures on the surface of a substrate. 
The reactants are alternately transported from the sources 
onto the substrate through a vapour phase i,e. atomic or 
molecular beams, ALE is a self-controlled deposition 
process that automatically "accepts" only one atomic layer 
at a time ClOSl.
The original ALE work was to produced compound thin films 
such as ZnS, SnO^ and GaP, and was first described by 
Suntola and Anderson in a US patent filed in late 1975 and 
granted in 1977 [1061, ALE has also been used to produced 
Al^Og layer by sequential use of AlCl^ and H^O vapour beams 
C1071, Thus a technique might be used to produced mixed 
oxides of Cr(III) and Fe(II) in which surface chemical 
reaction between a monolayer of chloride and H^O vapour 
beam is allowed to occur sequentially in a manner similar 
to that which occurred in the ALE technique that will be 
described below,
2* 5. 2 ALE Theory
When a reactive species (called adsorbate) is brought into 
contact with a clean solid surface (called adsorbent) via 
vapour phase, some of it will become attached to the 
surface in form of adsorbed layers. As the first layer of 
atoms/molecules of the reactive species reach the solid
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surface there is usually a strong interaction f.e. 
chem 1 sorption. The subsequent layers tend to interact much 
less strongly, involving non-specific (van der Waals) 
forces i.e, physical adsorption or physisorption, In 
chemisorption, as the name implies, the interaction 
resembles the formation of a chemical bond involving 
transfer of electrons. The deposition in ALE is 
carried-out based upon the differences between 
chemisorption and physical adsorption of vapour by 
substrate surface. The general features which distinguish 
physical adsorption and chemisorption can be seen from 
Table 2.5 C1081. Vapour adsorption processes are
accompanied by a decrease in entropy because the adsorbed 
vapour molecules are restricted to two-dimensional motion. 
Since, adsorption also lowers the free energy , then from 
thermodynamic relationship
AG = AH - TAB (2, 1)
it is evident that AH^^^ is negative i.e adsorption of 
gases and vapours on solid are exothermic. The heats of 
chemisorption are larger than the heats of physical 
adsorption by about an order of magnitude 11091. Once the 
substrate surface is filled with a monomo1ecular layer, the 
strong interactions must stop unless there is some 
mechanism for continuously creating new surface, as there 
is m  the formation of a bulk oxide. Thus only one layer
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Table 2.5 The general features vÆiich distinguish 
between physical adsorption and chemi- 
sorption (108).
Physical Adsorption Chemisorption
Low heat of adsorption 
(less than 2 or 3 times 
latent heat of evapora­
tion) .
High heat of adsorption 
(more than 2 or 3 times 
latent heat of evapora­
tion) .
Non specific. Highly specific.
^bnolayer or multilayer, 
No dissociation of ad­
sorbed species. Only 
significant at relative 
-ly low temperatures.
Monolayer only.
May involve dissociation. 
Possible over a wide 
range of temperature.
Rapid, non-activated, 
reversible.
No electron transfer 
although polarization 
of sorbate may occur.
Activated, may be slow 
and irreversible.
Electron transfer 
leading to bond formation 
between sorbate and 
surface.
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of mo.lecuJe.3 can form surface chemical bonds, that is 
undergo chemisorption.
Chemisorption is a specific process which may require an
activation energy and may, therefore, be relatively slow
and not readily reversible. On the other hand, physical 
adsorption is usually rapid in reaching equilibrium, since 
there is no activation energy involved, and the process is 
readily reversible. The difference between chemisorption 
and physical adsorption can be seen from the potential 
energy curves for the adsorption of an molecule on a
metal M as illustrated schematically in Fig. 2.10. The 
potential energy curves for physical adsorption and 
chemisorption are represented by and respectively.
When an adsorbate molecule approaches the solid surface 
along a low-energy path, it is first physically adsorbed. 
At the point where curves P^ and intersect, transition
from physical adsorption to chemisorption takes place, and
the energy at this point of intersection is equal to the
activation energy for chemisorption. It can be seen from 
these curves that chemisorption is dependent upon the 
initial physical adsorption to reduce the activation 
energy. The activation energy would be equal to the high 
dissociation energy of the adsorbate gas molecules if 
physical adsorption did not come into existence C 109'J.
The shapes of the physical adsorption and chenn sorption 
curves determine the magnitude of the activation energy for
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Energy
X + X
Distance
Fig. 2.10 Potential energy curves for physical
adsorption (P^ ) and Chemisorption (Cy).
( a represents the heat of chemisorp­
tion; b represents the activation energy 
for chemisorption; c represents the heat 
of physical adsorption and d represents 
the dissociation energy of a Xg molecule) 
(109).
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chemisorption and is different for each system. If the
activation energy is large, then the rate of chemisorption 
at low temperatures will be slow and only physical 
adsorption will be observed. For each system there exists 
a temperature condition where chemisorption is dominant 
while physical adsorption negligible. That is to say > if 
the substrate surface is heated sufficiently, conditions 
can be achieved so that only the chemisorbed layer is 
retained on the substrate and the physically adsorbed 
layers are reevaporated. This phenomenon gives rise to the 
ALE technique to grow atomic layer one at a time and 
explains the importance of the substrate temperature. At 
very high temperatures no chemisorbed species will be 
retained on the substrate surface,
2.5.3 The ALE Process
To understand the general feature of the ALE process, it is 
convenient to study the growth of ZnS films used in the 
production of electroluminescent displays, as described by 
Suntola et ai.C106,1073. There are two types of ALE 
process, which for convenience may be called type 1 and 
type 11,
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Type I ALE
The type 1 ALE is illustrated Schematically in Fig. 2.11a. 
In this process the heated substrate is exposed to zinc 
vapour until the surface is entirely covered with the 
monolayer of chemisorbed zinc. The excess zinc
reevaporat.es or desorbes into the vacuum system. The 
substrate is then exposed to sulphur vapour and the 
reaction between monolayer of zinc and sulphur vapour takes 
place. The Zn-S bonds that form ensure monoatomic sulphur 
surface coverage and the excess sulphur reevaporates into 
the vacuum system. The whole process is repeated until a 
desired thickness of the layer has been grown. The 
thickness is controlled by counting the number of cycles. 
Assuming every cycle produces one complete layer of ZnS, 
the process is stopped after a known number of cycles. The 
effective overall reaction at the substrate surface can be 
written as
Zn + S ---™> ZnS (2.2)
ZnS can also be grown by type II ALE which is described 
below.
Type II ALE
In type 11 ALE as illustrated schematically in Fig.2 . lib, 
the growth of ZnS is carried out by evaporating ZnCl^ onto 
the substrate, followed by reaction with H^S gas. As in
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Type 1 ALE
a «  r¥~«ii é « The substrate is exposed 
to zinc vapour.
b Excess zinc has desorbed 
to leave a chemisorbed 
monolayer.
c *oW d*o*
°o°o°o° 0
The zinc monolayer is 
exposed to sulphur vapour 
to give zinc sulphide.
d
Excess sulphur desorbs 
to leave the zinc sulphide 
film.e
m m••^ #
The process is repeated 
with more zinc is evaporated
onto the film.
e  Zn
O s
Fig. 2.11a Type I ALE (107).
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Type II ALE
'%%%*% The substrate is exposed to zinc chloride vapour.
The excess ZnCl^ desorbs 
to leave a chemisorbed 
monolayer.8 ^ S ^ 8
'€) «P ^  §  
C 6  C @  (P 6
The ZnCl^ layer is exposed 
to HgS to give ZnS and HCl 
which desorbs.
' mm* The ZnS film.
* ^mwf. »y
The process is repeated 
with more ZnCl^ vapour 
is evaporated onto the 
film.
A Z n C l j  ®0HCI
C 8  ":S
Fig,2.11b Type II ALE (107)
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the type I ALE, the substrate temperature is controlled to
achieve a condition so that all but the monolayer of
chemisorbed ZnCl^ reevaporates into the the vacuum system. 
The unwanted volatile product from the reaction between 
chemisorbed ZnCl^ and H^S i.e, HCl, is desorbed, leaving a
monolayer of ZnS behind. The surface chemical reaction in
this case is
ZnCl^ + H^S ---- > ZnS + 2HC1 (2.3.)
Beside ZnCl^, other compounds with reasonably high vapour 
pressure e,^. zinc acetate; Zn(CH^COO)^, can also be used.
Zn(CH COO) + H S   > ZnS + 2CH COOH (2.4)3 2 2 3
In this case the unwanted volatile side product is acetic 
ac i d .
In type II ALE , adsorption of large molecules onto the 
substrate surface will produce a complete monolayer of 
material only after several cycles. For examples,
ZnClg + H^S ---- > ZnS t 2HC1 (2.3)
reaction, the growth rate is two cycles per ZnS layer, and
a n
2n(CH COO) t H S  > ZnS + 2CH COOH (2.4)3 2 2 3
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reaction, the growth rate is three cycles per ZnS layer 
f. 1103- Although this feature gives a major disadvantage of
type II ALE, the oxide growth at reasonable temperature can
only be grown in this mode of ALE. For example, Al^O^
cannot be grown by using type 1 ALE from A1 and 0^ at
reasonable temperature. However, when AlCl and H 0 are3 2
used as reactants in type II ALE, the Al^O^ growth 
temperature can very between 200°C and 600°C [1073.
2.0 Objective of the Investigation
It is clear from the above review that the success of the 
advanced composite materials as dependent upon the ability 
to control the reaction between the materials used in the 
system. This dependence places a severe limitation on the 
combinations of materials that may be used. The objective 
of this investigation is to demonstrate that very thin, 
stable and protective films can be produced for use in the 
manufacture of advanced materials. From the properties of 
known barrier films, e.#. that on stainless steel, it is 
believed that mixed oxides of Fe(11) and Cr(lII) would have 
the best properties.
The production of various mixed oxides by hydrolysis or by 
pyrolysis of suitable alkoxides was proposed by Katzman 
recently [313. However no work on the production of a
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mixed oxide film has so far been reported and in particular 
the method of producing this kind of film on an atomic 
layer-by-layer basis at reasonably low temperature, for 
example at about 300°C,
The following programme of work was therefore established 
in order to meet the overall objective:
1. To develop a method capable of the deposition of a 
mixed oxide film on an atomic layer-by-layer basis. 
This will be carried-out by the sequential use of 
chloride and H^O beams; comprising the steps of 
depositing onto a heated Cu-substrate a chemisorbed 
monolayer of chloride compound and dosing the said 
chemisorbed monolayer with a beam of H^O that reacts 
with the said chemisorbed monolayer to form an oxide 
layer.
2. To investigate the growth and the properties of 
the mixed oxides films deposited onto Cu-substrate by 
sequential use of CrCl^ and H^O beams followed by 
FeCl^ and H^O beams. A better understanding about the 
growth and the properties of the mixed oxides films of 
Cr(III) and Fe(Il) is likely to be achieved by 
conducting prior investigations on the growth and 
properties of the single oxide films of Cr(IIl) and 
Fe(Il) individually.
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3. To investigate the quality of the mixed oxides 
films of Cr(Ill) and Fe(II) produced for inhibition of 
interdiffusion between metallic phases,
4. To measure the protective quality of the films by 
using electrochemical technique i.e anodic and 
cathodic polarization , Thus the continuity and the 
non-porosity of the films can be checked as for any 
coating to be resistant to corrosion it has to be 
continuous and non-porous. The test environment for 
the polarization experiments will be a solution of 
3.4% NaCl as it has been used by many researchers.
5. In many cases it is necessary that the deposition 
of barrier films must be uniform over all sides of the 
substrate, for example surface of a metal wire or 
sheet material. Exposing this surface to molecular 
beams emerging from a single source is unlikely to 
cause deposition to take place over all sides of the 
surface. Having beams from several sources and 
directions or rotating the surface is certainly not a 
practical solution to this problem. Thus an attempt 
was made to design, construct and test a so-called 
"molecular beam reflector"; a simple device that will 
hopefully cause the deposition to take place over all 
s 1 des of the substrat.e sur f ace f rom a s j. ng 1 e sou.r ce of 
mole cu 1 ar beams.
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Ail the deposition were carried-out in .situ. XPS was used
to analyse the films. In s i t u  deposition has produced
clean and fresh films of chlorides and been able to
eliminate the problem of surface deterioration. Having
this, it is also the opportunity was taken in this work to
investigate the development of the satellite structure on
the 2p peaks in the photoelectron spectra of the 3d
transition metal(11) chlorides, over the whole range from
CrCl to ZnCl .2 2
XPS was the main analytical tool in many stages of this 
work: details of the XPS theory ,instrument and data 
handling will be presented in the next chapter.
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3. SURFACE ANALYSIS
3. 1 Introduction
The deposition of oxide films in this context, will involve 
surface chemical reaction and so surface analytical methods 
Will naturally be the principal tools in studying this 
process. Thus in planning this work emphasis was put on 
the availability of the instruments for the advanced 
surface analytical techniques (e.^. XPS, AES, SAM, etc.) at 
the University of Surrey. However not all of these surface 
analytical techniques and instruments will suit the 
requirements in the present context which are listed as 
foilows;-
1. The technique should be able to provide infor­
mation on the chemical state of an element. This is an 
important factor since we will investigate the surface 
chemical reaction between different species deposited 
onto the substrate, in which any change or surface 
chemical reaction takes place on the substrate surface 
can be detected from the chemical state information of 
the elements involved.
2. The technique should not cause serious damage to 
the surface during analysis.
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3, The technique shovild be able to provide quanti­
tative information from the very thin film, as thin as 
one monolayer.
4. The. instrument should have facilities such that the 
in .Situ deposition could be carried out.
Let us now compare the relevant superiority of one 
technique with the others, XPS is more accurate 
quantitative measurement than AES since back scattering of 
the primary electron beam and e 1ectron-beam damage can 
influence the Auger-e 1 ectron yield L'llil, whereas in other 
surface analytical techniques quantitative analysis is more 
difficuIt.
During analysis, least damage is done to the surface of the 
sample by XPS. In AES electron beam can cause considerable 
damage to the surface of the sample and surface analysis by 
SIMS is totally destructive.
XPS provides a unique information on the chemical state of
an element which is not gained by other techniques. It is
now evident that XPS is the most appropriate technique to
be used in this investigation. The next section will be
devoted for the detail of XPS theory and instrumentation.
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3,2 X—ray F'hotoelectron. Spectroscopy CXPS3 
3. 2. 1 Introduction
Based on a phenomenon in physics known as the photoelectric 
effect, XPS also called electron spectroscopy for chemical 
analysis (E3CA), is fast growing as a surface sensitive 
analytical tool in diverse fields. It is a
well-established method of performing quantitative analysis 
of the outermost atomic layers of solid surfaces. It has 
been used to characterized the surface of metallic samples, 
polymers, minerals, various types of coating and many other 
surfaces.
Although XPS as a surface sensitive analytical tool has
become prevalent in recent years, the origin of the
technique can be traced back 102 years. In 1887 Hertz 
[1123 produced the experimental evidence for the
photoelectric effect (emission of electrons from a sample 
irradiated with photons), in which ultraviolet light was 
used as the exciting photon source. The discoveries of
X-rays by Poentgen C 1133 in 1896 and of electrons by
Thompson [1143 in 1897 enabled many of the experimental 
results on the photoelectric effect to be understood more 
fully. Later in 1905, Einstein [115 3 developed his 
nobel-winning theory for the explanation of the
photoelectric effect. The early experiments on the energy
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distribution of X-ray induced photoelectrons were 
carried-out by Robinson and Sawlinson C 1 1611 in 1914. In 
their work, the energy distribution of emitted electrons 
from iron and lead which were exposed to X-rays from a 
nickel anode was recorded photographically. However, KPS 
as we know it today was not developed until early 1950s 
when Siegbahn and his co-workers Cl 17 3 realized the 
usefulness of X-ray induced photoelectrons and produced the 
first XPS spectrum. They were also the first who found 
that the binding energies of the core electrons of an atom 
are affected by chemical environment of that atom to cause 
a detectable shift of the phenomenon in the spectrum called 
photopeaks. The capability of XPS in providing chemical 
state information such as oxidation state and chemical 
bonding as well as elemental compositions has already been 
proven. 'For the more discerning reader, reviews of the 
historical development of the technique by Jenkin et. ai. 
[118-1203 which contain interesting historical perspective 
and anecdotes can be consulted.
Although the development of XPS has taken place since its 
discovery by Siegbahn’s group, the commercial KPS 
instruments started to appear only around 1969-70. 
Continued development of these instruments and their 
suport in g compu ter systerns has resu 11ed in many 
improvements such as bette]' X-ray sources (X-ray source is 
c h osen to o p 1 1 m i z e t h e r e s o 1 u t i on and i ri t e n s i t y 1 . m a 1 i e r
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X-ray spot size and. more efficient detection and analyzer
systems. The development has now reached the phase of
technical maturity, producing a state-of-the-art XPS 
instrument, which is now used throughout the world. Its
application in the manufacturing sector of the United 
Kingdom can he seen in Fig. 3.1 LI 17a]. Although this 
figure was published a decade ago, it does provide examples 
of the various areas of applications.
3.2.2 Basic Principle - Photoemission Process and Energy 
Relat i ons hi p
Secondary emission of both photons and electrons from a
material can be excited by any electromagnetic radiation 
(photons) with energy greater than the work function of
that material. In photoelectron spectroscopy, where the 
information about the electron energy levels in the 
specimen is to be acquired, it is necessary to use a 
photon radiation source of well defined energy. If the
photon sources provide an ultra-violet radiation, the 
technique is referred to as ultra-violet photoelectron 
spectroscopy (UPS.), or X-ray photoelectron spectroscopy 
(KPS) if the excitation sources . e photon sources provide 
a characteristic X-ray.
For UPS, differentially pumped rare gas discharge lamps 
ivï h ;i c h p r o d u c e d i s c r ete 1 o w e n e r g y r e s o n a n c e 11 n e s a-. .g . H e I
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21.22 eV and Hell 40.82 eV, with natural line width of 3.0 
meV and 17.0 meV respectively are normally used as the 
excitation sources.
Since ultra-violet sources possess only sufficient energy 
to emit electrons from the valance band and outermost. core 
levels, UPS is only widely used in the study of valence 
orbitals of molecules, electron band structure of metals, 
alloys a.nd semiconductors and adsorption phenomena [122H. 
On the other hand the characteristic X-rays possess hugh 
enough energies to excite the electrons from several core 
orbitals for most elements.
In XPS the chemical information is extracted from detailed 
analysis of individual elemental spectra at energy 
resolution of l.OeV or better. The Einstein relation 
governing the interaction of a, photon with a core level 
(equation 3.1) shows that the line width of the ejected 
photoelectron lines i.e. energy resolution depends, amongst 
other factors, on the line width of the exciting X-ray 
lines. Line width is defined here as the full width at 
half-maximum (FWHM) height of the lines. Thus, in order to 
avoid limitation of the achievable resolution by the line 
Width of the X-ray source, it is necessary to use materials 
f oÎ' t}-fe anode of the souroe whose line w t d t h i s 1 ess than
1,0 e V . A pa r t f r o in t. h 3 s , t h e st a bility o f t It e a n r, d e 
material u n d e r prolonged electron b o m b a r d  ment h a s  a l s o  t o
—64—
be taken into account, as 3 n X-ray production the anode is 
subjected to such bombardment.
Table 3.] lists energies and widths of characteristic soft 
X-ray lines from materials that show stability under 
prolonged electron bombardment. It can be seen from this 
table that some low energy line sources, such as and
ZrMC, have sufficiently narrow widths but their energies 
are too low to be useful for general analytical purpose. 
They have been used only for special applications. In the 
case of SiKa line, although it has a width of l.OeV, 
sufficient energy, and has been used for special 
applications [1231, Si as non-metal material has poor heat 
transfer characteristics and it is difficult to apply to an 
anode surface. Thus the only elements in Table 3.1 that 
fit the requirements for line width, stability under 
electron irradiation and heat transfer characteristic .are 
Mg and Al, and in fact it is the Kct lines of these two 
metals that, are used universally in XPS. The XPS 
i n str uinen t used l n t h i s investi gat. ion is f i tted w i t h both 
Mg and Ai anodes. Other anode materials .are used for 
spec i a I purposes.
Another source of photons for photoelectron spectroscopy is 
synchrot ;ron rad ia1 3, on , prod 1 1 ced by acc:e 1 erati ng e lect ron s .
1 1 c o n 5:1 s t s o f t h e p e r iodi c a c ce 1 e r a t i o n o f t h e e 1 e c t r o n b y 
radio-trequenr:y 1 er:t r 1 c f 1 e i ds , but wi t h a t i me-v.3.ry i ng
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Table 3.1 Energies and widths of some characteristic soft 
X-ray lines. The UV sources are also included 
for comparison.
Source Energy, eV Line width, eV
Ultra-violet
He I 21.22 0. 003
He II 40.82 0.017
Soft X-ray
Y MC 132.3 0. 47
Zr MC 151.4 0. 77
Mb MC 171.4 1.21
Mo MC 192. 3 1. 53
Ti La 395.3 3.0
Cr La 572.8 3.0
Mi La 851.5 2.5
Cu La 929. 7 3.8
Mg Ka 1253.6 0. 68
Al Ka 1486.e 0.83
Si Ka 1739,5 1.0
Y Ka 1922.6 1.5
Zr Ka 2042.4 1.6
Au Ma 2122.9 2.2
Mo La 2293.2 1. 9
Ag La 2984.3 2.6 (1,3)
Ti Ka 4510.9 2.0
Cr Ka 5417.0 2. 1
Cu Ka 8048.0 2.5
6 6 -
ni a g 11 e t i c f ‘i e i d t b a L k e e p s t h e e : ertin n s o n a ci r c u ]. a. r path.
A con 1 1 nuou s s p e c x r u ni o t p li o t. o n s w i. t. li e n e r g i e s f î- o  m a f e w 
e V to se V e r a 1 k e V w ill b e p r o d u c; e d if e i e c t r o n s a r e 
circulated at energies about x G e V [1243. With a. suitable 
monochromator the photon source can be tuned to the desired 
energies but still with high intensity.
The cross-section of the photo-ionization for a group of 
core levels is dependent upon the energy of the line 
sources. Thus hav ing a tunab 1 e photons sour-ce at desired 
energies, the right energies for maximum cross-section can 
be selected. This makes synchrotron radiation very 
attractive as far as KPS is concerned. Its broad
applicability to XPS users has been reviewed by Carlson 
r. l24J and Winick [125]: j t has not been used in this work.
The process of photoelectron and Auger electron emission is 
shown schematically in Fig. 3,2. The kinetic energy of the 
emitted photoelectrons from the solid, surface, , due to 
monochromatic p h o t o n s  irradiation of energy ht> is given by 
Binste in relat i on
~ - W (3.1)
where
E = Binding energy of core level electron, 
defined as the d i f f erence i n ground 
staXe energy computed before and after
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Ejected K. electron (Is photoelectron) Ejected  ^electron (KL^L2 2 Auger 
electron)
Vacuum
Fermi level
M, etc M, etc
electron fills 
K shell vacancy
IncidentX-ray
(a) (b)
#  Electron 
O Vacancy
Fig. 3.2 (a) Schematic illustration of X-ray photoelectron
process resulting in an inner shell vacancy and 
an ejected photoelectron.
(b) Relaxation by the emission of a KL^l2 g 
Auger electron.
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t h e ge n e r at i o n o f t h e c o r e -h o .1 e state 
(.with respect, to the Fermi level).
W = Work function of the solid, defined as 
the energy separation between the 
ferwi level of the solid and the 
vacuum level, 
h = Planck ’s c.onstant.
~ 6.626 X 10"^* J.s = 4.136 x 1 0 eV.s
In practice, measurement of involves acceleration or
retardation of the electron through the potential
difference existing as a contact potential between the
specimen and spectrometer (see Fig. 3.33. Thus,the actual
kinetic energy, of the electron measured by the
spectrometer is
E ~ hi-^ — E - W (3.2)R B spec
where is the work function of the spectrometer,
defined as energy between the spectrometer and the Fermi
level of the solid. Thus the electrons emitted have a
specific kinetic energy characterizing the elements
present m  the sample surface. In XPS the data is 
p r e s e n t e d a s i n t ensi t y v e r s u s kinetic ener g y o .r- b i n d i n g 
eue r g y . .i n t'n i s i. n v e s t .i g a t % o n b i n d, j n g e n e r g y s c a 1 e i s u s e d 
F i g . .4 . 4 a s h o w s a t y p i c a 1 w i d e - s r a n s p e c t r u rn , a 1 s o c aile d 
sur V  p y s p e c t r u;n, f o i- g e n e r .n l i d e n t. i t i c a t. î o  n o f e 1 e m e n t a
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fig. 3.3 Energy diagram in relation to the photoemission 
of an electron (128).
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p r e s e n t . T h e cj n e s s h o i.i n i n r' i g . J . 4 h r p h i g h r e s o l u t. i o n 
n a r r o w s c a n s f o r q u a. n t. i t a t. 3 v e a. n a l y s x s a n d c b e ta 1 c a 1 
1 n t. e T p r e t a t ion. V a r i o a s l'e a t. u r e s o t X F S spec t. r a w 3 1 i b e 
discussed further in this chapter.
Equation (3.2) is valid provided a conducting sample is in
good electrical contact with the .sample holder and thus 
wi th the spectrometer. Nona onductive samp 1 es or samfd es 
which are not in good electrical contact with the sample 
holder normally acquire a positive surface potential 
bee a u .s e t h e c h ar ge ( e 1 a c t. r o n ) 1 o s t from the s u r f a c e i s n o t
replaced. The electrostatic charge produced on the sample 
results in the uncertainties in the peak position i.e. peak 
sh i f t d ue to sur f ace cha,rg 3 ng . Thus \ n order to determ i ne 
accurate absolute binding energies, an energy reference 
which can be used as a standard is needed. The most 
commonly used standards for the absolute calibration of the
spectrometer are the core level electrons from noble
metals, those of Aiidf^  ^ and Ag5d , determined,
re 1 at i. ve to t he Fermi level. Us i ng these standard s t Ite 
secondary standards are then calibrated.
The carbon Is level from the adventitious carbon found on 
m o s t- speci m e n 1 s w i d e ! y u s e? d as the se c o n d a i- y e n e i- g y 
r e f e r e n c e 3 n e 1 e c t r o n s p e c t r o s c o p y . It 1 s t li o 11 g h t t h a t. 
thi s carbon contamination originates partly from d i f 1 u.s 3 on 
P u m p o 3 1 d I f f u s 1 n g ba c k i n i o t h e s ne c t r o m e t e i". T h e b 1 n d 3 n g
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Cr2p01sS . Fe2p
Cls
A
(b)
SAT
W
CrCl
(b)
FeCl
Binding Energy <>/C^ we
Fig. 3,4 (a) A wide-scan spectrum for general identification of
elements present.
(b) Narrow scans for Cr2p and Fe2p for quantitative 
analysis and chemical interpretation.
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energy of Cls peak from the adventitious carbon has 
commonly been found to be 284.8 eV [126], For a specific 
system, Cls level has to be determined and any deviation 
from the value of 284.8 eV is applied as a correction to 
the apparent position recorded for all other peaks. This 
has been used as the main standard throughout this work for 
i t s pract i ca. 1 1 ty.
The photoelectron emission process by X-ray excitation is 
normally accompanied by the Auger electron emission 
process (as shown in Fig. 3,2); named after its discoverer, 
Pierre Auger, and the X-ray fluorescence process (not 
shown) . The creation of a core level vacancy of an atom 
by photoelectron emission is followed by an immediate 
transition of an electron from higher energy subshells to 
fill the vacancy. The energy released during this 
transition wili be be transformed into X-ray j,e. X-ray 
fluorescence, or transferred to another electron in the 
outer level whjch is then ejected from the atom /.e. Auger 
electron . The e 1 ectrons eject.ed a,re desi gnated according 
t o e 1 e c t r o n i c o r b i t a 1 s u b s li el Is a s s o c iate d w 1 1  h v a c a n c; y , 
transition and the level from which electron is ejected. 
For example, in Auger transition, K represents the
hi and. i e v e 1 i n. w h i c h t h e or : g i n a 1, v a c a ncy i s c r e a t. e d , t ii e 
I e V e ]. ] î; t h e 1 e v e L tor a n e ] e c t r o n w li i c h f 1 1 1 e d t n e
original vacancy and the is the level from which the
Auger electron was ejected. It should a l s o  n e  m e n t i o n e d
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h ere, t h a t o -t h X - r a y f .! u o r e s cen c e a n d A u g e i • e m i s s i o n 
cannot take place from the same initial core hole. For K 
shell ionization, as in the above example, the relaxation 
by Auger emission has an overwhelming probability over that 
of X-ray fluorescence for relatively shallow core levels; 
!.e. with binding energies below about 2 keV. This can be
seen in Fig. 3,5 . The same is true for L, H, M ere.
atom i c levels I 147 3,
The peaks due to these Auger electrons, observed in kinetic 
or binding energy spectrum of the X-ray photoelectron, may 
also be used for elemental identification since the kinetic 
energy of the electron emitted by this process can be
ca 1 cu 1 at ed q u i te easily. Beside th i s fact, t he :< i net i c 
energy of the Auger electron is independent of the 
e X c 1 1 . a f. 1 o n X-r a y ener g y u s e d t o e x c i te t li e i n i t i a 1
core-hole state. Thus with appropriate selection of X-ray 
source the problem of overlapping between the photo- and 
Auger-electron peaks in the XPS spectrum can be overcome.
1 n th is 1 n vest i gat i on , at the start of the depos it ion HgKci 
radiation was used to avoid the overlapping of the Fe 2 p and 
Cr2p photopeaks with Cu-Auger peaks from the copper 
substrate if AlKa radiation is used. When the signal from 
the substr a t e v a nis h ed d u e to an incre a s e in the o verla y e r 
i o X •: d e ) T h i c k n e s s , A 1 Ka r a d i a t i n n w a s used. T h e u e o i
AiKa radiation also avoids the overlapping of tne 0 -Auger
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1*0
0-8 _ Auger Electron Emission
•H
X-ray Fluorescence
30 351 15 205 10 25 40
H Ne P Ca Mn 
Atomic Number
Zn Br Zr
Fig. 3.5 Relative probabilities of relaxation by emission 
of an Auger electron and by emission of an X-ray 
photon of characteristic energy, following the 
creation of a core hole in the K-shell (147).
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pp.Tk with the Fe 2 p peak whicii occurs if MgKa radiation 
iS used. Ail these facts are illustrated in Fig. 3-6.
Tl-ie ifjea.sure inent of Auger electron peaks excited by e 1 ect.ron 
beams has become the basis of the Auger electron 
spectroscopy (AES), and the measurement of the 
characteristic energies of the X-ray fluorescence has become 
the basis of X-ray fluorescence spectroscopy ( X.RF ) . Since 
the ESCA 3 instrument, used m  this investigation is not 
fitted With X-ray analyser, the measurement, of the spectra 
due to X-ray fluorescence cannot be performed.
3.2.3 Chemical State Information
As mentioned earlier, the important feature of XPS is its 
ability to provide a unique information on the chemical 
state of an element which is not gained by other 
techniques. There are three methods could be used for the 
identification of the chemical, states of the elements:- 
i. Shift in the peak positions of the main X.FS
spectra i.e. chemical shift. 
ii. The presence of satellites to i he main peak 
and peak shapes.
1. 1 j , T he d j f f e r entia ] c h e m i r a i s h i f t  i n p h n t o -
a n d A u ge r - e l e c t r o n pe a k s ? . e A u ge r pa r a - 
meter.
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Cu2p
Cu(LMM)
0(KLL
X-rays: AlKo
CuLM^)
Cu3s 
X-rays: NgK^
Cu(uyM)
0 KLL
Cu3p Cu3s Cls
X-rays: MgKo,
Clean Cu- substrate
Coated Cu- substrate
Clean Cu- 
substrate
Coated Cu- substrate
" I II«" ***•
Binding Energy
Fig. 3.6 Ihe overlapping of the Auger features with the photoelectron 
peaks which can be avoided through the use of a twin anode.
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3. 2. 3. 1 Chemical Shifts and Auger Parameter
The changes in chemical environments (the chemical 
str actare and the oxidation state o f c h e raic a 1 c o mpo u n d s ) 
can cause perturbation on the electron binding energies, 
producing measurable systematic shifts in photoelectron and 
Auger line positions; called chemical shift. It is this 
which gives XPS the capability in distinguishing chemical 
states of an element. The phenomenon of chemical shift wa.s 
first discovered by Siegbahn er. .ai. r.1273, m  which they 
successfully showed the chemical difference between copper 
and its oxide by KPS. Since then it has been the sub.iect 
of numerous investigations and been used as a tool tn
s u r f a c e a n a 1 y s i s b y X P S .
In S i mp l e  terms, chemical shifts arise from the variation
of electrostatic screening experienced by core electrons as
V a 1 an c e e 1 e c t r o n a r e d r a w n t o w ards o r a w a y j r o m t h e a t o ro of
interest. Cations show an increase in binding energy
w h 1 1 s t a n i o ns show a correspond 1 n g d e c rease in b inding
e n e j'g y . Fig. 3. 7 a s h o w s c 1 e a r 1 y t h e c h e m ical s h i f t o f t h e
F e 7 p^ and Cr 2 p e a k s C 1 2 8 .1, w hi le Fig. 3 .7b s h o w s t h e
OÎS peaks corresponding to ÜH in Fe(OH) , Ü  ^ in Cr 0 and2 z a
0 ^ in the mixed oxide of CrC]11) and Fe(11) [129 1.
H o u e V e r , the r e a r e c a s e s w h e r e t h e c h e m r a a i, s h i f t o f 
oX 1 da 1 1  on st.a te of certa i n met.a 1 5 : are i oo sm a 1 i t o be
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F e ( I I I )
C r d l l
F e ( 0 )C r ( 0 )
565 573 581 700 708 716
BE/eV BE/eV
B
(b)
529525 533 537
BE/eV
Fig. 3.7 (a) The chemical shift of the Fe2po/o and Cr2po/n
peaks (128).
(b) The 01s peaks corresponding to (A) OH” in 
Fe(OH)g , (B) 0”^ in Cr^O^ and (C) 0”  ^in 
the mixed oxide of Cr(III) and Fe(II) (129).
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d e t. e c t m d , f o r ex a, ni p i e i n t. h e c a s 0  s o ï A g a. n d. C d [ 12 7 1!. 
f o r 1 . 1 1 n a t e 1 y t’n e A u g e r c i-t e m i c a 1 s h i f t w h 1 c h 1 n s u. c h c a s e s 
h a p p e n e t o g .n v e a large s hift o i f' e r s t h e s o 1 u t. i o n t o t li i s 
pro blem.
The chemical shifts 1n X-ray excited Auger lines are 
u s n a 11 y j a r g e r a n d d i f f e r e n t f r o m t b o se 1 n p h o t o e 1 e c t r o n 
iln.es L130H, The difference in kinetic energies of Auger 
and phntoe1ectron peaks from the same element, recorded in 
the same spectrum is called Auger parameter, ot, and has 
been found to be a unique value for each chemical state
oi = E (ijk) - E^( j ) (3.3a)
where (ijk) is the kinetic energy of the Auger transition 
ijk, and E _(1) is the kinetic energy of the photoelectron 
from atomic level .1 aJi referred to the Fermi level. ,fn
the spectrum recorded in increasing binding energy, 01 can 
be calculated as
ot = E (1) - E (ijk) i 3. 3; b )s B ^
where E^il) i s the binding energy of the phot oe I p-ct ron from 
atomic energy i, and (ij k ) is the apparent binding energy 
of t tie Auger tra.nsition ijk all rei 0 rrod tr.i t ii0  Ferm 1  
1 eve J.
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T h e II s e o f a f o r c h e ni i c a 1 state i d e n t i î i c a. t i o n n a s o n e v r: r y 
practical value; it r e q u i r e s n o s t a 1 1  c c h a r g e c o r r o c 1 .1 o n 
[13lJ. Thus it has been used extensively. Good examples 
are from the use of IE (KLL.) - E (2p)J by Cast 1 e and WestK K
[132] and of C.E^^(KLL) - E^(ls)] by West and Castle 1 133J in 
the study of silicon coordination in silicate minerals.
H o w ever, the use o f E q u atio n (3,3a) or (3.3b 3 may res u i t tn 
negative values of a. To overcome this problem Wagner 
et.cil. [134] redefined the Auger parameter as
a  = a + h 3.^ = .E ( Ü. i k ) + E ( 1 ) ( 3 . 4 )K - B
The advantage of this modified Auger parameter, , is its 
independence from the photon energy (since both E^(ijk) and 
Eg(l) are independent of photon energy) and sample 
charging [1343.
As in the case of cx, a' has also been used extensively.
The use of CE^CKLL) 4 E (2p)] by Wagner et.a.l. C 133] m  the 
determination of chemical state in si 11con-a1 urniniurn 
compound,and by Taylor [136] in the study of silicon 
nitride thin film, and of CE (NOO) 4 E (4f)] by PedersenK B
[137] in studying the variation of coordination m  a large 
number oi lead compounds give good examples of the
a pp 1 1 c a. 13 o 0 o t a *. T h u s A u g e r s h i ft c a n b e v e ir y u s e t u 1 f o r
i d e ri t i f 1 c a. t i o n o t' c h e m i c a 1 s t a tes.
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3. S. 3. 2 Sa t ei 1 i t. e Fea k s
Based on their origins, the satellite peaks that may be
observed in XPS spectra are classified into four groups,
namely (i1 X-ray satellites, (i i ) shake-up satellites, 
(iii) multiplet splitting and (iv) plasmon. The
descri pt ion of t.heir var ious spectra ,i f eatures can be seen 
be 1o w .
3.S.3.2a X-ray Satellites
T h e s e s a t e 1 1 i t e s a r i .s e f r o m t It e s a t el lit e i' a d i a 1 1 o n o n
X-ray spectrum (Ka ) used to excite the photoelectron3,4
Spectrum. Fig. 3-8 shows some of these satellites from a 
typical photoelectron spectrum of iron [128],
The X-ray satellites have no analytical value. In fact in 
fitting the peak for transition metals using a curve 
fitting routine (available in this laboratory), the ^
satellite of the 2p state is subtracted from the 2p1/2 -^ 3/2
State. A detail description can be consulted from 
Richardson's [1393 and Abu-Ta lib's [ 1383 theses.
3.£♦3* 2b Shake—up Satellites
In addition to the normal core photoelectron lines, some
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,C Ki_L
I I *"I ! Fe 2s
>sIÇ a 3^  satellite
O ls
Mn 2p
0 200 400 6 0 0 10008 0 0
Binding energy (cV)
Fig. 3.8 X-ray satellites from a typical photoelectron 
spectrum of iron (128).
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X ? y s p e c t r a ha v e w e 1 i - defi n e d s a tel lit e J. i n e s o n t he hi g h
binding energy side, called shake-up satellites. They are
usually prominent. in rare-earth-metal (4f,5f) and 
transition~metal (3d,4d) compounds where electron 
correlation effects are strong [1401.
Although shake-up satellites are not widely found, they are
analytically useful in certain special cases. For example,
such satellite occurs as a characteristic feature of
Cu(Il)2p spectrum but not in Cu(l) compounds or in the
meta 1 [14 1,142]. Furthermore CuO and Cu (O H )^  appear to be
distinguishable on the basis of their Cu2n bindine" ±yz
energies and the fine structure of their shake-up
satellites, as shown in Fig.3.9 C142]. In this work the
above fact was successfully used in distinguishing between 
copper Signals from the metal and from the oxidized metal 
[see chapter 41.
The absence of shake-up satellites is usually
characteristic of the elemental or diamagnetic si.ates of 
transition elements and rare earths. The prominent' 
shake-up structures are usually found with paramagnetic 
states. For example, large satellite structures are found 
with Co i 11 ) i a.cac Co ( 1 I ) ( sacsac ) ^ , and N i ( II ) ( a s a c ,
which are known to he paramagnetic (Fig. t.lk.'.r)., but only 
sma1j amount of satellite strurtures a.re seen tor 
C.'o ( I I i ) I acac ) nr N i ( l i ) sacsac ) i..u< rh are d lama^net i c ; as3 a
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(a) Coppaf matai
(b) CuO
(c)Cu(OHÏj
I [ ( ENERGY CORRECTED\ FOR CHARGING)
12090S 130
BINDING ENERGY (eV)
Fig. 3.9 CuZpgy2 and Cu2s spectra of (a) copper 
metalJ (b) CuO and (c) Cu(0H)2. The 
arrows indicate satellite peaks. After 
McIntyre et.al. (142).
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51 50
tiSOO- Ni (I!) (ococ);
4 6 0 0  H
m 3500 r
8 3450 r
2 9 5 0  h
3000 -
2 4 0 03 2 0 0
L Co (11) (sacsac )2
h-  2 9 5 0
"  2 7 0 0
Fig, 3.10a
ÜÎ 2 4 5 0
2200
19 50 - 3 0  - 2 0  - 1 0
(eV)
Fig, 3.10a 2p core line spectra of paramagnetic complexes of 
cobalt and nickel; Co{II)(acac)^, Co(II)(sacsac)^ 
and Ni(II)(acac)25 showing a substantial satellite 
structure (143).
4 6 5 0
5900 r  Ni(ll) (socsoclj
4 0 0 0 " 5200
S 5500^
32 3 3 5 0
-30 -20 -10A£, (eV)Fig. 3.10b
Fig. 3.10b 2p core line spectra of diamagnetic complexes of 
Co(III)(acac)g and Ni(II)(sacsac)23 showing a 
small amount of satellite structure (143).
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shown in Fig- 3. 1 . 0 in i 143 J .
In the case of 3d tra.ris i t ion-met a 1 compounds, there are
many models that have been proposed for the origin of the
shake-up satellites in the 2p core-level XFS spectra.
However none of which seems to be universally accepted. 
The recent calculation by J, Park et.ai. C1403 supports the 
charge-transfer model of Larson L1443 and Sawatzky
L 145, 1463 which takes into account the core-hole-3d~
elec.tron Coulomb attraction in the final state to be the 
most suitable model, at least for heavy-transition-meta1
d X ha 1i des,
The subject of the development of the satellite structure 
on the 2p peaks in the photoelectron spectra of the
divalent transit!on meta 1 chlorides over the whole range 
from Or V [1 ) to Znlll) will be dealt with in chapter 6.
3.2.3.2c Multiplet Splitting
Tbe third type of satellites that we may encounter in the 
X-ray ph o t o electro n spectra a re th o s e a rising f r o m 
multiplet splitting (also referred to as exchange or 
electrostatic splitting) which can occur when the system 
h as one or more electrons in the valence she 1 i wxrn 
u n p a X r e d s p i n .s , W h e n t h i s k j n d o f e ) e c t r o n e >: i s i. s i n t h e 
system, the act of photoxonizatsnn in the core sneli wi 1 '
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give rise to more than one final stare, depending on the 
ways in which the unfilled shells coupling takes place.
Multiplet .splitting is found strongly in the 4s levels of 
rare-earth-metals (unpaired spins electrons in the 4 f 
valence levels) C1473. In the case of 3d~transition metal 
compounds, although multiplet splitting results m  a number 
of final states, some of which are widely separated in 
energy, the net effect to the observed spectrum is to 
broaden the normal 2 p and 2 n photo peaks and to3 / 2  * i / 2  ‘ ^
increase the energy separation between them, rather than to 
produce well-defined satellite peaks as in the case of 
shake-up. This fact has been shown by calculations of 
Gupta and Sen on MnF^ C 14.83. Their calculations have been 
verified by careful comparison with experimental data on 
MnF .
As in the case of shake-up satellites, multiplet splitting 
satellites are also analytically useful in certain special 
case. For example, through carefu 1 observation on the 
multiplet splitting on the N i 2 p^ principal line, together 
with the shake-up fine structures, McIntyre ec.aZ, f. 142 3 
have been able to distinguish m  MiG and Ni(OK)^ ; as
shown in Fig. 3.11. The prominent satellite shoulder above 
the N 1 2p^ line (arrow No.3 in Fig. 3,11b  ^ is apparently 
unique to N.xu,
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Ni (3s 1/2)
(a)  NI metal
(b) NI O
(c) NI (OH);
( ENERGY CORRECTED FOR 
CHARGING )
110aso 850
BINDING ENERGY ( eV )
120
Fig. 3.11 N12pgy2 Ni3s spectra of (a) NI 
métal, (b) NIO and (c) Ni (OH)2 * The 
prominent satellite shoulder due to 
multiplet splitting on the Ni2pgy2 
line (arrow no.3) is apparently 
unique to NiO (142).
-89-
In the course oi this work, we have observed a clear 
shoulder on the 2p line of Or •; 1 I ) ch 1 or i de as a result ot 
inu].tiplet spii 1 1  i,ng , wh i ch i not. obser ved i n
C r (11Ï)chloride (see Fig. 3,12 [ 1293). In the case of
Cr(I]I)chloride only normal broadening of the main line is
observed. This subject will be dealt with in wore detail 
in Chapter 6 .
3* £.3.2d Piasmon Peaks
In their process of passing through a solid, emerging 
photoelectrons can excite collective oscillations in the 
conduction electrons of the solid. As a consequence they 
suffer energy loss to the conduction electrons in 
well-defined quanta characteristic of the material on the 
solid. This produces the satellites known as p 1 aswon Joss 
peaks and found on both photo- and Auger electron peaks 
w 31 h i n the spec t rum. Fig. 3. 13 sh ous the po s11i on o f
plasmon peaks within the 2p and 2s region of the aluminium 
spectrum f 149 3.
The plasmon>3 produced are termed bulk piasmons it the loss 
processes are occurring within the solid or surface 
p i a s m o n s it the I o s s pro c e s s es a r e o c c 11 r r i n g a t o r n e a. r t h e 
suri ace. The bulk piasmons are found to be the wore 
prom m e m  of these 1 mes. There m  not much has been said 
1 n the i iterature about the analytical value of the plasrnon
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Cr2pgy2 spectrum of 
Cr(II)chloride
s
Binding Energy ('eyj
.v'*.Cr2p3/2
/\Cr2p^y2
A  » *
.v*>
Cr{II)chloride
A
\
Cr(III)chloride
y
W '4ro ■ ' ' »
Binding Energy flp/9
988
(b)
Fig. 3.12 (a) Cr2pgy2 spectrum of Cr(II)chloride.
(b) Cr2p spectra of Cr(II) and Cr(III) chlorides. In 
the case of Cr(II)chloride, a shoulder on the higher 
binding energy side of the 2p^y2 peak as a result of 
multiplet splitting is clearly shown (marked S).
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loss ^teaks.
3,2*4 Quanti! ication of XF‘S - Sensitivity Factors
In XPS the quantification is carried out by using 
photoelectron line intensity. The intensity of
photoelectron of kinetic energy excited froirj the core 
level X of the ith atomic species in the surface ot a 
sample, I(E^ J, is proportional to J ( h i; ) , n^ , oUn-^, x J , 
X(E. R(E. T(E D(E ) and G [150]L  L  a  C l  C l .
where
J ( h?.-' ) - X-ray flux incident on t h e sa. m p 1 e at e n e i- gy h }j , 
It = density of atom of the ith species. 
o-( hi-', X ) = cross-sect i on for photoionization of levei x at 
the X-ray energy hf and ejection angle ^ .
■X ( E, ) = inelastic mean free path for electrons of 
energy
l< ( £, , E ;i = e 1 ect ron-opt i ca 1 factor for retardation ofC L
electrons from energy E to the analyser pass 
energy E ,
T(E^) = analyser transim ,ss i on function for enei-gy E .
D ( E .) - efficiency of detection for energy E ,
G = geo metrie factor.
Mathemat i ca 3 ] Y I ( E. ) can he wr i t ten a.s
!(E. ) =<^'J\h%''^n.cy(ht',e,x)X(E. ) R t E , E ) T l E ) D i E ) GI., V I X. 'J. Cl CL
( 3 . )
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w h e r e <f> i s t h e proportion ai 1 i t y c o n s t an t .
In analysis, normally lu-s E , D and G would be kept
constant. This reduces Equation (3.5) to
1 = X(E. )R(E. )T (3.6)L L
II we now define
n = number of atoms of the element per unit
mono layer area, and 
K(E. ) = <^'R(E. )TL V
Equation (3.5) will further reduce to the expression given 
by Castle L 1281 i.e.
1 = Jo-n X(E. )K(E. ) (3.7)I. L
The parameter K (E ) in Equat i on (3.7) is introduced for 
comp)eteness to allow for the relative efficiencies with 
which the emitted electrons are detected in different 
instruments. This is a function oi design, the electron 
kinetic energy and user controlled settings such as slit 
widths and reso1ut i on [ 1283.
In practice determination of a surface composition is often 
a 11 e m p t e d by c o m pa r i n g t h e s i gn a 1 3 n t e n s i t y foi- t. h e
c o n s t i t u e n t e 1 e m e n 13 at the 3 a m e X - r a y î' i u x J a n d 
1 n s t r u m e n t s e 1.11 n g s . T b u s t. h e rat i i; n t 1 o t a n e 1 e m e n t AA
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to I o.f an elem&nt b can he written asB
h  _ ,3.8)I CT n ,\(E )K(E )B B 13 B B
Notice that the factor J is vanished. Usually is
determined relative to the inten,sity of a reference element 
such as fluorine, F, in a compound of known surface 
stoichiometry. The term o'X(H)K(E) can then be treated as 
sensitivity factor, S, L1233. Taking sensitivity factor 
for the reference element as one i.e. = 1, the
.sensitivity factor of the element A can now be written as
(I /n )
X  = T V tAF F
W h ere
1^ = signai intensity of the element A.
Ijp. = signal intensity of the reference element F. 
n = sto i ch i omet rv oi the e'iement A.A
n^ = stoichiometry of the reference element F,
1n i t ia 11 y peak height sensi t i v i ty factors were used f or 
quantification of XPS. However in peak height measurement 
it IS d 3. f f i c u i t t o take in t o a c c o u n t t h e e f f e c t s o i p e a k 
s h i i; t , br o a de n m g  d u e t. o d iffe r ent v a 1 e n ce s t a t e s a n d 
3ntens 31 y 1oss f rnm t he peak by shake-up events . Peak
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a r e a sensitivity factors were then developed to remove the 
pîûniems associated with peak height measurement. The use
01 peak area, sensitivity factors for XPS quantification has
w ide iy been adopted.
Since the terra o-X(E)KiE) depends on the instrumenta 1
parameters, so the sensitivity factors are applicable only 
to a given type of instrument and source of excitation. 
The peak area sensitivity factors for the ESCA 3 MKII 
spectrometer used in this work, as listed in Table 3.2, 
were, measured by The Surface and Interface Group at the 
Un i vers i ty of Surrey some years ago 1151-1531. They are 
Similar to those determined by Jogensen and Berthou 
[154,1551. Before the concentration of elements on the 
sample surface can be calculated, it is necessary to
in e a s u r e the are a o f i. n d i v i d u a 1 peaks c o r r e c ted f o r a 
backgr ound. The concent rat i on of e 1ements can then be 
calculated as
(A /S )A t o m i c % of el e m ent 1 = --- --- ------- x 100 % (.3.10)
(A /S. )1. I.
\~±
where A^  i s pea.k area of the e Iemen t %. and S is its 
correspond i ng sensitivity factor. in this investigat ion 
the area of hotoelectron peaks used to a 1 cuiate the 
concentration of elements were corrected .tor linear 
background.
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Table 3.2 Peak area sensitivity factors used in this 
investigation.
Element Level Binding energy/eV Sensitivity factor
c Is 285 0.27
0 Is 532 0.60
Cl 2p 200 0.42
Cr 2^3/2 575 1.10
Mn 2p3/2 641 1.0
Fe 2ps/2 710 1.80
Co 2^3/2 779 2.10
Ni 2^3/2 855 1.7
Cud) 2p3/2 931 3.0
Cu(II) 2P3/2 932 1.5
Zn 2^3/2 1021 3.2
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3. 2* 5 ESC A Equipment
There are six electron spectrometers avaiiabJe in The 
Surface Analysis Laboratory at the University of Surrey. 
Four of them can be operated in XPS mode. However only one 
i.e. a VG Scientific ESC AS MKiI, which is fitted with a 
twin anode Mg/A 1 K X-ray source seems to offer the 
suitable facilities for in sitn deposition of thin films 
without further modification.
Basically an X-ray photoelectron spectrometer consists of 
an X-ray source for photoe1ectron excitation, an electron 
energy analyser to measure energies of emitted electrons, a 
detection system to detect, and register electrons of known 
energies, a control system to control the spectrometer, ana 
an ultra high vacuum (UHV) system. All modern electron 
spectrometers are equipped with a computerized datasystem.
The VG scientific ESCA HK11 spectrometer used m  this 
investigation, as shown in Fig. 3.14, comprises two main 
chambers ^preparation and analyser chambers) which are 
connected through a gate valve operated by a linear drive 
mechanism. The preparation chamber has several ports to 
house a small furnace for heating specimens, a mass 
spe ci.ro met Of- head and an evaporator. The additional ports 
a V a 1 J -iJ b Î e w e r e u s e d i n t h i s i n v o s 1.1 g % t., o n t o a. 11 a c h e d t w o
-98-
uuI
i
en
e
-99-
i<rjnri;!:en-r:e i J s (K-ce Iis) for chloride deposit ion and a leak 
V a I V e t o c o n t r o i w a t e r b e a Tfi s o u r ce (.see c }i a p t. e r 4 ) .
The anaiyser chamber houses X-ray and eiectron sources, a 
photoe 1 ectron energy analyser, an electron detector and an 
1 on gun. Since electrons are influenced by the earth's 
magnetic field, it is necessary to cancel this field within 
the ana.!yser chamber. .For this reason the analyser chamber 
xs usually made out of Mu-metal. During the operation both 
preparation and analyser chambers are kept under vacuum 
(.see Section 3. 2.5. 5). The following describes the 
i nipor1 8 nt components of the spectrometer,
3* 2. 5* 1 X—ray Gun
T h e X - r a y g u n ï o r p h o t o e 1 e c t r on e x c i t a 1 1 o n i s p r o d u c e d b y 
an X-ray g u n as shown in Fig. 3. 15. The heated—filament 
c a. t h o de e m i t s e 1 e c t r o n s w h i c h ar e t li e n a c c e 1er a t e d t o w ar d a 
target anode over a potential (an accelerat ing voltage) of 
the order of 5 - 20 kV. The characteristic K-ray produced 
by electron bombardment of the target anode is accompanied 
by Bremsstra.h 1 u.ng ra.d i a.t i on and e .1 ectrons , Thus an A 1 
w 1 n d o w 1 s f i T. t- e d a .s a f i Iter to reduce B r e w s s tra h 1 un g 
3 n t. e n s i t. y , '] ' h e X - r a y g u n used i n t. h \ s s p c t r o m e t e t- i s
fitted With a double anode (Mg and Al), so jt can be 
s w i t c h e d e i t h e r to gene r a t e M g Kc< o r A1 Ka c h a r a c t. e r i s t i c 
K-raci 1 a t i on s . The normal m a x x m u m power is u. 4 3 ()k W ter HgKc
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Fig. 3.15 X-ray gun
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and 1 k W for AiKa. In t hi.s investigation a power of
a p p r o X 1 ni a te 1 y 0. 2 40k W ( i 2 k V , 2 0 in A ) w a s u s e d .
3.3.5,2 Electron Energy Analyser
The kinetic energies of the electrons emitted or scattered 
from a surface are measured by an electron energy analyser, 
which is considered the vital component of tne
spectrometer. From physics point of view, the velocity 
1 },e the kinetic energyj of an electron can be measured 
either by magnetic field or electrostatic field. However, 
it is di f 1 1  cult to produce and handle magnetic field m  
UHV. Thus all coramerciai electron spectrometers are fit.t.ed 
With an electrostatic analyser, principally either the 
concentric hemispherical analyser (CHA) type or the
cylindrical mirror analyser (CHA) type. For the 
descr i pt i ons oi' these two types of energy analyser, the 
chapter by kiviére 11563 can be consulted. The
electrost.at i c fiel d i s gener ated to def 1 ect and d i sper se 
the electrons so that for a given field strength only those 
e )e c trons with energies i n a c e r t ain narrow ran ge are 
measured. Thus both CHA and CMA are dispersive analysers. 
The CHA type is the one widely used for XPS.
Tne e i ectrcin s wh i ch are em i tted f rom t he sur f ace are f i r s t
r e t a r o a d b y n e g a t i v e p n t e n 1.1 a I , c j 1 ta d r e t a r d i n g
pot en T 1 a i , or- ; r, ro he i n p focused on the v.üriabie e n t. r a n r e
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silt, nf the hert! 3 spher 1 ca ] a n a i ys-r. Fiectron of the
c o r r e c t. e n e r g y then pa s s t b r o u g n f n e a n a i y s e r , a n d o :< x x v 3 a
a V ar i a b1e exit slit where the eJectron detector is
mounted.
In gene r a 1 C H A ope r a tes e i t h e r- i n c o n s t a n t. a n a i y s e r e n e 2 • g y 
( C A E ) w o de or constant r e t a r d r a 1 . 1 o i C k k > m o d e . I n t- h e
former a s e 1 e c t e d a. n a i y s e r e n e r g y , c a. 1 i e d p a s s e n e r g y , E , 
is fixed and retarding potential, is swept ctccnrd 1 ngiy
.so that only electrons with energy E pass through the
analyser. In the I ate r t h e rati o o f t. h e k 1 n e t i c e n i- r g y e t
electrons, E^ _, to the analyser pass energy, E^, x s kept
constant during scanning ;.e. and. E vary to maintain 
the ratio constant. Thu.s in CER inocie a second voItage
s u. pi ply i . 3 n e e ded t o r a lu p t h e h e m 3 s p' b e r e s 3  e p a r a t e I y .
The spectrometer used in this investigation 1 s fitted with 
a 150* spherical sector analyser operating in CAE mode 
(Fig. 3.16) The. pass energy, E , can be set at 10, 2u, 50,
100, and 200 eiV. The choice 0 1  E afiect.s the resolution 
i . Ç . t h e f u II w i dt h a t ha 11 max 3 m m ( FW H M ) o f the pe a. k . 
For example, the variation of FWHM of Au? f peak with
applied pass energy for different X-ray radiation in the VG 
Scientific ESCA3 HK1Ï, as shown >n Fig. 3.17, has been
St ud ied by .Evan e t , al. r 157 .i.
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Spherical L \\ sector y \\ analyser
150
Channeltron
Fig. 3,16 Photoelectron energy analyser (150° spherical 
sector analyser operates in CAE mode).
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t. h e n
and
E = pass energya
- kinet. ic energy of the photoe 1 ectrons 
V = potential across the the hemispheres 
H = analyser c o n s t a n t 
e - electron charge
E - E + eV (3.12)K  o. R
where is retarding potential which is controlled by a 
ramp generator in a stepwise raovements throughout the 
desired energy region. In this investigation the step 
po10 nt i a 1 was se t at 0. 2 e V and 1. 0 e V f or t lie nar r o w-sca n 
and the wide-sc an respectively. The rarnp generator may be 
dr i Ven by the inst rument contro i s or by t h d a t a  sys 1.em .
As shown in fig. 3. 17  ^ the resojiitaon of the peak is 
affected b y t h e: s e 11 i n g o f i. h e p a s s ener g y , £ ^ . he s i d e s
th 1 s the resolution of the peak is a 1 so af 1'ected by the 
slit w i d 1-I'i and. t he geometry o f t. be an a 1 y sri- .
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Fig. 3.17 Variation of FWHM of Au4fyy^ peak with 
applied pass energy for different X-ray 
radiations in the VG ESCA3 MKII spectro 
-meter (157).
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If AE^ = FWHM for peak in the spectrum
AL = slit width 
= pass energy 
R = mean radius of the hemispherical sector 
(10 cm )
then
E AL 
~ 2R
Throughout this investigation, unless otherwise stated, a 
pass energy of 50eV and slit width of 4mm was used, giving 
nominal resolution of 1,0 eV.
Taking into consideration all the factors involved, the 
line or peak width, AE, defined as the FWHM, can be written 
as
= [(AEL ^AE ; _) + (AEp)^ + (AE)^ (3,14)
where
AE_ = the natural or inherent width of the core 
leve1,
AE^ = the width of the X-ray line (see Table 3.1),
AE^ = the analyser resolution (see Equation (3.13) ).
From Equation (3,14) it is clear that the use of a low pass 
energy, E , and slit width AL (see Equation (3.13)) to
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obtain maximum spectrometer resolution is not justified as 
AE is also governed by the practical limitation of the
X-ray line width , and furthermore it decreases the
electron counts,
3.2.5.3 Electron Detector
The electrons that pass the exit slit are detected by an 
electron detector. The channeltron (channel electron
multiplier) is the most commonly used detector in XPS,
This consists of lead doped glass tube, which the inner 
surface is coated with a semiconducting material possessing 
a high secondary electron yield. During operation a high
voltage of a few kV is maintained between the ends of the
tube. Collisions between electrons and wall as the
electrons travel down inside the tube produce electron 
multiplications of between 10^ and 10°, This cascade of 
electrons results in an electrical pulse which can be
analysed, usually by feeding the pulse into a pulse
amplifier-discriminator and subsequently into a data
handling system (multichannel analyser and computer).
3* 2* 5, 4 Datasystem
The VG scientific ESCA MKII spectrometer used here is
fitted with a VG 3040 datasystem based on the Digital 
Equipment Corporation (DEC) PDPSe computer with 12K words
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of memory. The datasystem is also interfaced to a teletype 
for controlling the equipment, to a disk drive for data 
storage, a VDU for data manipulation and to an K-Y plotter.
The VG 3040 datasystem is also interfaced to a University 
PRIME computer, which provides packages for the transfer of 
data, manipulation of spectra and other facilities such as 
peak fitting routine. This data handling system on the 
PRIME computer was established by Richardson [139] and well 
documented in his Ph.D thesis.
3. 2. 5. S Vacuum System
In XPS we want the photoe1ectrons to be able to travel from 
the specimen surface to the energy analyser without being 
scattered by gas molecules. In other words the electron 
mean free path should be much greater than the dimension of 
the spectrometer. A vacuum of ca. lO”^  Torr would be 
adequate for this purpose. However, as a surface sensitive 
analytical technique XPS demands that the analysis must be 
conducted without interference from the accumulation of 
unwanted species, mainly from the residual gas in the 
vacuum system. The typical requirement for XPS is that no 
more than 0,05 atom layers of contaminant should 
accumulated on the surface in 30 min. Taking into 
consideration this requirement and the fact that sticking 
probabilities of the molecules are often less than one, the
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kinetic theory of gas will tell us that the required vacuum 
should be in the range of 10 Torr. Therefore KPS must 
be conducted in the ultra-high vacuum.
In order to attain such vacuum in a reasonable time, it is 
necessary to bakeout the system at about 200°C for several 
hours (usually overnight). This will accelerate the 
removal of adsorbed gas on all surfaces, otherwise the 
ultimate pressure will be limited by the rate of outgassing 
and UHV will never be achieved.
In the VG Scientific ESCA3 MKII, UHV is achieved by using 
diffusion pumps in combination with liquid nitrogen traps. 
The preparation chamber and analyser chamber are separately 
pumped. An ED 100 rotary pump is used for rough pumping 
the preparation chamber following insertion of the specimen 
probe and for backing the diffusion pumps. The preparation 
chamber can be pumped down to a vacuum of better than 10° 
Torr. For XPS analysis a vacuum of better than lO”^  Torr 
in the analyser chamber is normally achieved.
3*2,6 Acquisition and Presentation of Data
Before any data acquisition can be carried out, a few input 
parameters such as retarding voltage step (channel width), 
time spent at each voltage (channel) etc. have to be typed 
on the teletype. For each channel the counts from the
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channeltron are summed and then the voltage is stepped up 
to the next channel. Two types of scan are usually carried 
out ^.e the wide scan and the narrow scan. In this work 
the Wide scan was carried out over 1000 channel span of 1,0 
eV channel width with the time span per channel was 0,30 
sec. Minimum of three scans were normally carried out. 
For the narrow scan the range of the channel (energy) span 
depends on the elements required. The range was chosen so 
that it covers the spectral region where the information 
was to be obtained. The channel width of 0,2 eV and time
spent per channel of 0.3 sec were used for the narrow scan,
and minimum five scans were normally carried out.
The acquired data are stored in the floppy disks. As
mentioned before the data obtained is presented as a plot 
of intensity of photoelectrons versus binding energy (see 
Fig. 3.4), The wide scan spectrum or called survey scan 
spectrum is used for general identification of elements 
present. The high resolution narrow scan is used for 
quantitative analysis (where peak area is obtained) and 
chemical interpretation. The manipulation of the data can 
subsequently be carried out at the VDU, This includes 
determination of peak position and peak area by linear 
background subtraction. The routine in the datasystem 
enables user to display the required spectrum on the the 
VDU and set the lower and upper binding energy limits of 
the background on the spectrum. The subtraction of the
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area under the defined straight line from the area under 
the original peak is accomplished by a single-key command. 
The peak area after linear background subtraction, the 
position (in binding energy and kinetic energy terms) and 
the maximum and minimum counts in the before-subtracted 
region are printed at the teletype. From the value of peak 
areas, the atomic concentration of the elements on the 
surface were calculated using Equation (3,10),
As mentioned before the data in the floppy disk can also be 
transferred to the university PRIME computer for processing 
using improved data handling facilities.
3.3 Photoelectron Diffraction - Crystallinity Study of 
Very Thin Film.
Normally in the study of thin film growth, we need to know 
(i) crystallinity of the grown layer, (in some cases 
whether it is the same as that of the the substrate); (ii) 
whether it is epitaxial with the substrate; and (iii) its 
stoichiometry. For relatively thick layers, in fulfilling 
the first two.needs. X-ray crystallography technique is 
normally used; and microprobe analysis for the last. 
However, for very thin layers (< lOnm), as the case in this 
investigation, the analysis cannot easily be performed by 
the established methods mentioned above.
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X-ray photoelectron diffraction (XPD), which is sensitive 
to the periodic arrangement of the atoms inside the 
crystal, and being an extension of XPS (where the 
information comes from the first four to five atomic layers 
at the surface of the sample), has offered the solution to 
this problem,
XPD experiments can be performed in one of the following 
three modes: (1) at fixed angle as a function of photon
energy; (ii) at fixed photon energy as a function of polar 
angle; or (ill) at fixed photon energy as a function of 
azimuthal angle C1593.
The XPD technique was successfully applied for chemical and 
structural characterization of epitaxial compound 
semiconductor layers by Evans and Scott [1601. They used 
XPD patterns (the plot of relative core-level intensity as 
a function of take-off angle) to demonstrate the epitaxial 
growth of ZnSe onto (100) GaAs substrate, as shown in Fig, 
3, 18,
For an overview of the technique, the recent paper by 
Grenet et, ai. U 1871 can be consulted. They reported the 
state of the development of the technique, formulated the 
experimental procedures for performing reproducible and 
accurate XPD curves and discussed the merit and the 
limitations in the choice of different parameters, such as
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Fig. 3.18 XPD patterns for (a) (100) GaAs wafer and (b) ZnSe 
layer grown on an Identical GaAs substrate by 
hydrogen transport. The axis of rotation lay 
parallel to <110> and the take-off angle is given 
with respect to the surface normal. After Evans 
and Scott (170).
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photoelectron kinetic energy or detection angles. Some 
recent applications were also discussed.
In this investigation, an attempt was made to employ the 
XPD technique in looking at the mode of the Fe(11) and 
Cr(III) mixed oxide films growth onto single crystal 
silicon substrate. This will be reported further in 
Chapter 5,
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4 PRODUCTION OF OXIDE FILMS BY MOLECULAR BEAM SURFACE 
CHEMICAL REACTION CMBSCRI TECHNIQUE
4.1 Introduction
In Chapter 2, based on the knowledge of corrosion, we have
come in the conclusion that the composition of the barrier
film to be grown should resemble that which forms on
stainless steel /.e.mixed oxide of Fe(II) and Cr(III),
Thus Fe(II) chloride and Cr(III) chloride beams were used
sequentially to perform HBSCK between a monolayer of
chloride and a beam of H 0, As mentioned earlier in2
section 2.6, to achieve better understanding about the
growth and the properties of these films, two prior growths
were carried-out separately as follows:-
i. Film growth by MBSCS technique between a
monolayer of F e (11) chloride and an H^O beam,
ii. Film growth by MBSCR technique between a
monolayer of Cr(III) chloride and an H 0 beam.2
The information gained from the two above-mentioned growths 
has helped in explaining the growth and the properties of 
the mixed oxides films produced by sequence beams in the 
Cr(III) chloride, H^O, Fe(II) chloride, again, H^O. For
convenience, this is defined as one cycle deposition of 
mixed oxide film.
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4.2 Experimental
4.2.1 Sample Preparation
The samples (the substrates) were prepared from commercial 
copper plates of 1.5 mm thickness. The plates were cut 
with a die in the departmental workshop to give samples
With dimension as shown in Fig. 4.1. This dimension is
suitable to be attached directly to the probe of the ESCA-3 
HKII for heating and XPS analysis. The probe is equipped 
with an NiCr/NiAl thermocouple for the measurement of the 
sample temperature. The direct attachement of the sample 
(substrate) to the probe also avoids the use of silver-dag 
for electrical connection between the sample and the 
spectrometer, which is normally practiced. Silver-dag can 
easily decompose when the probe is heated during deposition 
and analysis, thus may ruin the XPS results.
The samples were ultrasonically cleaned in methanol to 
remove particles and machine oil which might stick on their 
surface during production, and followed by wet surface 
grinding on silicon carbide papers to 1200 grit. They were 
then polished with diamond paste to 6 fjm. The polished
samples were ultrasonically cleaned in methanol and dried 
in a stream of cold air before the final polishing to a 
mirror finish using 1 pm alumina powder on dry cloth.
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Prior to any deposition, the substrate was heated in the 
preparation chamber of the ESCA-3 HKII at ca. 10 ^  Torr 
vacuum and ca. 550^C for the desired length of time. 
Surface cleaning by argon ion bombardment which is normally 
used by other workers in this group was avoided as it might 
introduce surface damage and other effects which have been 
described in Chapter 3. The cleanliness of the substrate 
surface was checked by KPS analysis.
4.2* 2 The Deposition of Chloride
4. 2.2.1 Knuds en—Cel 1 CK—Cell!) for the Deposition of 
Chloride
One of the important steps in carrying-out MBSCR in this 
context was to establish a monolayer of the chloride on the 
copper substrate. The chlorides were evaporated and 
deposited onto the substrate by using K-cells (Fig.4.2). A 
K-cell contains a metal chloride compound that when heated 
by a cell heating device gives rise to a molecular beam of 
the compound. The K-cells were fitted to the ports of the 
preparation chamber of the ESCA-3 HKII spectrometer (Fig.
4.3) by means of standard knife edges, machined in the 
stainless steel flanges, biting into a copper gasket (Fig.
4.4) .
The K-cells used in this investigation were supplied by
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a - Flanges with circular knife-edges
b - Annular copper gasket
c - Knife-edge
d - Bolt
e - Nut
B
Fig. 4.4 Knife-edge metal-to-metal UHV seal using an 
annular copper gasket, after Rivière (156).
A: Two identical flanges with circular knife
-edges, and the gasket between them, 
before the seal is made.
B: The clamped flanges and the compressed
gasket, after the seal is made.
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W. A. Technology Ltd,,Cambridge, England, Due to the 
problems of limited space around the spectrometer’s ports 
and the requirement for the distance between the orifice of 
the K-cell to the surface of the substrate to give a 
molecular beam of a diameter between 0,5 - 1.0 cm on the 
substrate, one of the K-cells was modified /,e. the length 
of the K-cell was shortened. On the other hand, for the 
second K-cell a straight connector was used to increase the
length of the port as to achieve the right
orifice-substrate distance.
Basically the structure of the K-cell used in this 
investigation is similar to the one designed by Smith and 
Pickhardt C1613. A detailed schematic is shown in Fig. 
4.5, The crucible is machined from a very fine grain 
structure graphite to give maximum practical operating 
temperature of 1300'^C by alumina-insulated tantalum heating 
wires. The temperature of the crucible is measured by the 
Ft,Pt/13% Eh thermocouple, mounted at the bottom of the 
crucible. It should be noted here that the thermocouple 
measures the temperature away from the hottest point in the
crucible. The crucible is wrapped with tantalum foil to
hold it tightly in place and to reflect heat. Cooling is 
given by the integral H^O or LN^ (liquid nitrogen). In the 
case of water cooling flow rate of 0,25 litre/min is 
required. According to the manufacturer (W , A, Technology)
-123-
Shutter
HZ
First
aperture
ssHeating
wire
Compound
Final
aperture
Second
aperture
Tantalum
foil
Graphite
crucible
Thermocouple
tube
Fig. 4.5 The structure of the K-cell
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there was no prior experience in the use of their K-Cell 
for chloride deposition. Thus the performance of the 
K-cells was studied before they were used in this 
investigat ion.
4.2.2.2 The Performance of K—Cell
The typical performance of the K-cell provided by the 
manufacture [162] is shown in Fig. 4.6. The results were 
achieved with a 0,0025 ml charge of Ag. The crucible was 
initially outgassed at 1000*^0 for 24 hours at which point 
the total pressure in the chamber was 1.5 x 10~^ Torr. 
Deposition rate calibration was carried out by measuring 
the rate of change of frequency of the quartz crystal 
osci11ator,
The thermodynamical analysis presented in Appendix 3 shows
that the chloride deposition requires lower crucible
temperature i.e. < GOO^C. Since the performance of the
K-cell for the temperatures < 600°C was not included in the
above data (see Fig. 4.6), it was therefore necessary to
check the performance for this temperature range. The
K-cell was then installed and the system was pumped down to
a base pressure of ca. 5 x 10~® Torr. H 0 cooling was2
first used. It was then replaced by cooling system
because the H^O pressure from the pipeline was not constant
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Fig. 4.6 Typical performance of the K-cell, (162).
(a) Crucible temperature vs. input power.
(b) Deposition rate vs. power.
(c) Deposition rate vs. time at 990°C.
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and the LN^ cooling system seemed to be much simpler.
In the case of Ag deposition, the increase in input power 
of the K-Cell was followed by an increase in rate of 
deposition (see Fig, 4.6b). However for chloride
deposition, increase in input power i.e. temperature might 
cause decomposition of the chloride. The power needed to 
obtain a measurable deposition of chloride without 
decomposition is therefore a necessary parameter to be 
measured. The measurement was carried out as follows:-
The K-cell was attached to the port of the preparation 
chamber, Without cooling it was outgassed for five hours 
at temperature ca. SOO'^C, The pressure at the end of 
outgassing was ca. 2 x 10** Torr. After outgassing the 
K-cell was allowed to cool to a temperature of about 30°C . 
It was then removed, filled with anhydrous FeCl^ under high 
purity argon gas and replaced. For the benefit of the 
reader, the procedure of loading anhydrous compounds into 
the crucible of the K-cell is described in Appendix I.
After a base pressure of ca. 6 x 10** Torr was reached, the 
deposition was carried-out. In this case, since the 
change of power supplied to the K-cell was not too great 
i.e. no overshoot occurs, the temperature became stable 
within 10 - 15 minutes 11621. Thus the deposition was 
carried-out 15 minutes after the power was switched on. It
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was also demonstrated, that this 15 minutes was the minimum 
time required for deposition to be possible. The power
supplied to the K-cell was varied from 3,0 Watts to the 
value where the deposition of FeCl^ onto the cold
copper-substrate (no heating was applied to the substrate) 
was observed i.e. by XPS analysis.
Initially chloride depositions were carried out with LN^ 
cooling was attached to the K-cell. It was observed that 
FeClg condensed and blocked the final aperture of the 
K-cell as result of cooling. Then attempts were made
to carry out deposition without any cooling attached to the 
K-cell, and proved to be the successful ones.
Depositions were carried out at different power supplies 
and time durations. For FeCl^ deposition, the power 
supplied to the K-cell was about 8.5 Watts corresponding to 
the crucible temperature of about 430°C measured by the 
thermocouple (see Fig. 4.7a). The estimated value from 
the thermodynamical analysis presented in in Appendix 3 is 
457°C. Deposition was not observed when the power supplied 
to the K-cell was less than 8 Watts. The minimum time 
required for the start of deposition (from the start of 
the power being supplied to the K-cell) was 15 minutes (see 
fig.4.7b), A higher minimum power supply, about 12 Watts, 
was required for CrCl^ deposition, corresponding to the
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Fig. 4.7a K-cell crucible temperature as a 
function of power supply.
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Fig. 4.7b Deposition of FeCl2 at different power supplies 
and times.
(a) Power = 4.80 W, time = 10 min.
(b) Power = 6.25 W, time = 10 min.
(c) Power = 6.25 W, time = 15 min.
(d) Power = 8.25 VJ, time = 15 min.
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crucible temperature of about 525 C, The estimated value 
from the thermodynamical analysis presented in Appendix 3 
is 542°C.
The operating crucible temperatures measured for the 
deposition of FeCl and CrCl seem to be lower than the2 3
estimated values from the thermodynamical analysis. In
this regard, it should be mentioned here that the
thermocouple measures the temperature away from the hottest 
point in the crucible; see also Section 4,2.2.1.
4.2.3 The Production of A Monolayer of Claioride
As mentioned before, one of the important steps in
carrying-out MBSCK in this context was to establish a
monolayer of chloride based on the theory described in 
Section 2.5.2, Having the right operating parameters for
the K-cell, the deposition of the chloride was carried out
at room temperature according the procedure as before.
Cooling was not attached to the K-cell. The temperature of 
the substrate was gradually varied and the deposited
chloride was analysed by XPS. From these measurements the 
chemisorption temperature of the chloride and the
decomposition temperature of the chloride to give the
elemental metal, which were likely to be substrate
dependent, were determined for the specific case of copper.
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The results of this experiment are given in Section 4,3.3,
It should also be noted here that the thermocouple 
(NiCr/MiAl) embedded in the probe measures the temperature 
away from the substrate. Thus an attempt was made to
measure the substrate temperature in which the thermocouple 
was in thermal contact with the substrate surface. This is 
described below.
4.2.4 Measurement of Substrate Surface Temperature in 
Vacuum.
A Stainless steel sheated Fe-constantan (J-type)
thermocouple which has a useful temperature range from +20 
to 700^C was used. It was an exposed hot junction type 
with a diameter of c a . 1 mm.
A hole was drilled in the middle of a standard stainless 
steel 35CF flange, so that a stainless tube of ca. 3 mm 
internal diameter could be inserted into it and welded 
perpendicular to the plane of the flange. The other end of 
the stainless steel tube was sealed with copper metal. The 
flange was then attached to a linear transfer mechanism 
(LTH50 by VG). The other end of the linear transfer
mechanism was attached to one of the 35 mm CF ports at the
preparation chamber of the ESCA3 HKII. All the attachments
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were done by means of standard knife edges seals. This 
set-up is shown schematically in Fig. 4.7,
By moving the linear transfer mechanism, the copper seal at 
the end of the stainless steel tube was brought to touch 
the surface of the Cu-substrate firmly and thus thermal 
equilibrium could easily be reached, When the vacuum 
reached ca. 10 ® Torr, the Cu-substrate was heated 
gradually. The hot junction of the thermocouple was then 
inserted into the stainless steel tube to touch firmly the
copper seal which is in thermal equilibrium with the
Cu-substrate, From the temperature readings given by the
probe’s and the Fe-Constantan themocouples, a calibration 
curve was obtained. This provides the surface substrate 
temperatures from the probe’s thermcouple readings.
4.2* S The Production of Water Beam.
The conversion of a monolayer of chloride to oxide was
carried-out by surface chemical reaction with an H^O beam 
at a certain substrate temperature. The H^O beam was
introduced into the reaction chamber (preparation chamber 
of the spectrometer) by using a simple water-line system 
fabricated in the departmental workshop, as shown in 
Fig,4.8. It consists of a fine leak valve, supplied by 
Vacuum Generator Ltd, U.K, as a main component. The leak
-133-
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Fig. 4.7 The measurement of the Cu-substrate 
surface temperature in vacuum.
-134-
s COR>2 S 
Sd4_)CO
I
00
oc
§
0
g•HU1
3en
-135-
valve carries two flanges, A stainless steel nozzle (also 
fabricated in the departmental workshop) was fitted to the 
flange of the leak valve which goes to the port of the 
reaction chamber, A small bellows welded to a flange with 
a hole in the middle was connected to a glass bulb using a 
glass-to~metal seal. After filling the glass bulb with ca. 
5 ml deionised water through the hole in the middle of the 
flange, the flange was then connected to the second flange 
of the leak valve by means of standard knife edges. The 
bellows provides flexible positions for the glass bulb. 
The leak valve was attached to the port of the reaction 
chamber also by means of standard knife edges.
To produce a pure water beam, it wass necessary to remove 
other gases contained in the water-line. This was done by 
freezing the water in the glass bulb in a hath of H^O + ice 
+ NaCl and the system was pumped out for a short time by 
opening the leak valve. After that the bulb was immersed 
in and the system was pumped hard with the valve widely 
opened. Thus the gases in the water-line system were 
removed while the water remained frozen. The leak valve 
was then closed when the pressure in the preparation 
chamber came down. The frozen water in the glass bulb was 
then allowed to melt. By controlling the opening of the 
leak valve, the water beam which came out from the 
stainless steel nozzle was supplied for the surface
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chemical reaction.
4.2.6 The Production of Films By MBSCR Between FeCl^ and
H O Beams 2
Prior to deposition, the copper substrate, the anhydrous 
FeCl^ source in the K-cell and the H^O beam source were 
prepared according to the procedures described in Sections 
4.2.1, 4.2.3 and 4.2.5 respectively. The preparation 
chamber was then pumped down to a base pressure of < 10 ^
Torr. The position of the substrate was adjusted until it 
was aligned with the K-cell and H^O beam. The adjustment 
was carried-out by means of a linear drive mechanism. By 
rotating the probe, the substrate surface could be turned
to face either FeCl beam or H 0 beam.2 2
From the previous measurements in Section 4.2.3, the 
chemisorption temperatures (substrate temperatures which 
allow only chemisorbed chloride i.e, a monolayer of 
chloride, to be retained on the substrate) were obtained. 
Thus the substrate which was heated up to 550^C for 30 
minutes was allowed to cool to the chemisorption 
temperatures, and the evaporation of FeCl^ was then 
carried-out. Once a monolayer of FeCl^ has been deposited 
onto the substrate surface, the evaporation was stopped. 
The substrate surface was then turned to face the nozzle of
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the water beam line. The H 0 beam interacts with the2
monolayer of FeCl^ by means of MBSCR to form an oxide
layer. The composition of the oxide is discussed in a 
later section, During the interaction the pressure rose to 
ca. 10 ^ Torr and then came down to < 10  ^ Torr when the
leak valve was closed. The reaction was repeated several 
times at different substrate temperatures but within the 
range which is compatible with the chemisorption
temperature of the chloride. Thus the sequential use of 
FeCl^ and H^O beams enables an oxide film to be grown to 
any desired thickness.
The reaction was monitored by carrying out XPS analyses at 
the end of chloride deposition and after dosing with the 
H^O beam. The XPS analyses include a wide-scan and high 
resolution narrow-scans of C12p, Cls, Dis, Fe2p and Cu2p. 
The disappearance of the Cl-peak and the increase of the
0-peak were used to indicate when the MBSCR is complete.
To study further the behaviour and the properties of the
films produced, the samples were exposed to the atmosphere 
for 30 days. Using XPS technique in conjunction with argon 
ion etching the profile of the films were studied. Some 
important information has emerged from this study.
For etching, oxygen-free argon gas was bled into the
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analyser chamber at. 10 ^ Torr and the beam energy of 3.0kV 
and l,5kV focus was set up. This condition was adopted to 
give a fairly even etch at rate of 1.5 nm/min., based on 
the previous work carried out in this laboratory C1383,
4.2.7 The Production of Films by MBSCR Between CrCl^ and
H O Beams 2
The copper substrate, the CrCl^ beam source from the K-cell 
and H^O beam source were prepared as before. The
cleanliness of the substrate surface before deposition was 
checked by XPS. Deposition was started by turning the 
substrate surface to face the CrCl^ beam. A monolayer of 
CrClgWas established on the substrate by controlling its 
temperature. The H^O beam was dosed to allow the
interaction with the monolayer of CrCl^ by means of MBSCR 
to form an oxide layer. During this interaction vacuum 
rose up to ca. 10 ^ Torr, The reaction was repeated 
several times at different substrate temperatures but
within the range which is compatible with the chemisorption 
temperature of CrCl^. Thus the sequential use of CrCl^ and 
H^O beams enables an oxide film to be grown to any desired 
thickness.
As before, XPS analyses were carried out at the end of 
chloride deposition and after the H^O beam was dosed.
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These analyses which include a wide-scan and high 
resolution narrow-scans of C12p, Cls, 01s, Cr2p and Cu2p 
enable the growth of the film to be studied
4,2.8 The Production of Filins by Sequential Use of CrCl^
and H O Beams Followed by FeCl and H O Beams.2 2 2
4,2.8.1 The Deposition of Films Onto Cu-substrate
Having the right parameters for the oxide deposition i.e.
the reaction temperature of water and the metal chloride;
the chemisorption temperature of the chloride (the 
substrate temperatures which allow only a monolayer of the 
chloride to remain on the substrate) and the decomposition 
temperature of the chloride to give the elemental metal, 
the mixed oxide film of O r (III) and Fe(II) was deposited 
onto the Cu-substrate by sequential use of CrCl^ and H^O
beams followed by FeCl and H 0 beams.2 2
The CrClg, FeCl^ and H^O beams and Cu-substrate were
prepared as before. At this stage all available ports at 
the preparation chamber of the ESCA3 MKII were utilized to 
house a water beam line and two K-cells. This arrangement 
is shown schematically in Fig. 4,9, When the vacuum 
reached c a . 10® Torr the deposition was begun. By
rotating the probe, the heated Cu-substrate was turned to 
face CrClg beam. Once a monolayer of CrCl^ had been
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Fig. 4.9 Schematic diagram of the in-situ deposition of a mixed oxide 
film of Cr(III) and Fe(II).
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deposited onto the substrate, the probe was rotated until 
the substrate surface faced the nozzle of the water beam 
line. A beam of H^O was directed at the surface of the 
substrate already coated with the first monolayer of CrCl^ 
to form a first oxide layer by means of MBSCR. The 
reaction was monitored by XPS technique, When the
interaction between the first CrCl^ layer and dosing H^O 
beam was observed to be complete, the probe was again
rotated until the surface of the substrate faced the K-cell
loaded with FeCl^, A beam of FeCl^ was directed at the 
surface of the substrate already coated with the first
oxide layer of Chromium to allow the growth of a monolayer 
of FeCl^ by chemisorption. Again, the probe was rotated 
and H^O beam was directed at the surface of the substrate 
to allow a second oxide layer to form by means of MBSCR. 
The depositions were continued to grow further layers until 
the barrier film deposited onto the substrate was of a 
desired thickness, It was evident that further interaction 
between layers occurred to form a mixed oxide film of 
Crtlll) and Fe(ll). This will be discussed further in 
Section 4.3.
4. 2*8*2 The Deposition of Films Onto a Carbon Fibre Tow
After a mixed oxide film of Cr(lII) and Fe(II) was 
successfully deposited onto Cu-substrates (see the
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discussion in Section 4,3.6), an attempt was made to 
deposit the film onto a carbon-fibre tow. The carbon-fibre 
tow, Toray 300, was properly wound around a Cu-substrate, 
where both ends of the tow were fixed to the Cu-substrate 
by using small nuts and bolts. This substrate was similar 
to the Cu-substrate used in the deposition described above. 
The winding was carried-out such that the tow covered the 
Cu-substrate and gave a surface for XPS analysis. The 
Cu-substrate was then bolted to the probe. Heating for the 
carbon-fibre tow was given by the heated Cu-substrate at 
240^C. Since the carbon-fibre tow behaves likes a 
blackbody, it can easily absorb the heat released by the 
Cu-substrate, The deposition of the films was carried-out 
according to the technique described in section 4.2.8. 1 
above.
4.2*9 An Approach to the Deposition of Barrier Films Onto 
a Continuous Length of Fibre or Sheet Material
In many cases it is necessary that the deposition of 
barrier films must be uniform over all sides of the 
substrate, for example surface of a metal wire, fibre or 
sheet material. Exposing this surface to molecular beams 
emerging from a single source is unlikely to cause 
deposition to take place over all sides of the surface (see 
Fig. 4.10). Having beams from several sources and
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Fig. 4.10 Exposure of a metal wire surface to
molecular beams emerging from a single 
source (an evaporator).
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directions or rotating the surface is certainly not a 
practical solution to this problem. Thus an attempt was 
made to design and test a so-called "molecular beam 
reflector (MBR)"l a simple device that has caused the 
deposition to take place over all sides of the substrate 
surface from a single source of molecular beams.
4. 2. 9. 1 Molecular Beam Reflector CMBRl - Theory and
Construction
Theory
In section 2,5,2, we have discussed the adsorption process 
(chemisorption and physical adsorption) of molecules on 
solid (substrate surface). By heating the substrate 
surface sufficiently, conditions can be achieved so that
only the chemisorbed layer is retained on the substrate and 
the physically adsorbed layers are reevaporated. It sould 
be noted here that chemisorption is a self-controlled 
process that only allows a single layer at a time. Thus, 
if a surface is covered with a chemisorbed layer of 
molecules and maintained at that chemisorption temperature, 
then any X molecules from the beams will be reflected when 
reach the substrate surface. It is these reflected 
molecules that have been utilized for the deposition to 
take place over all sides of the substrate to be coated, 
from a single source of molecular beams.
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Cons tr uc ti on
Based on the previous results, copper was the chosen 
material for the construction of the HER. The MBE was 
designed with a geometry that could be introduced into the 
preparation chamber of the VG ESCA3 MKII spectrometer 
through a standard 35CF port,
A copper hollow cylinder (A) of 20,0 mm in outside 
diameter, 24,0 mm in length and ca.. 1 mm in thickness was 
used, A hole of 10.0 mm in diameter was drilled through 
the copper hollow cylinder, as shown in Fig. 4.11a. A 
miniature heating elements (B) of ca, 1mm in diameter was 
wound around the copper hollow cylinder (Fig. 4.11b). The 
heating elements have 304 stainless steel sheaths, nickel 
chromium resistance wire and magnesium oxide insulation; 
produced by WATLOW, st. Louis, USA, and supplied by a local 
company.
The configuration shown in Fig, 4.11b was then inserted 
into a stainless steel hollow cylinder (C) of 24.0 mm in 
outside diameter. The internal diameter of the stainless 
steel hollow cylinder was made such that the copper hollow 
cylinder (A) and the wound miniature heating elements (B) 
could be inserted nicely into it. The stainless steel 
hollow cylinder also had a hole with the same size and
-146-
h—  24 mm ->j
G — Cu—S03.1
20 mm
1
G 20 nrn
A - Cu-hollow cylinder 
B - Miniature heating elements 
C - St. steel hollow cylinder 
D - St. steel tube 
E - Bolt
F - St. steel tube
D- -E
24 mm
10 mm (c )
35CF flange
\x
(d) 180 mm
Hole
Cu-hollowcylinder
Stainless steel hollow cylinder
\
(f)
Fig. 4.11 The construction of the molecular 
beam reflector (MBR).
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position of that, at the copper hollow cylinder. It also 
carried a short stainless steel tube ( D .) with a small bolt 
(E) at the end (Fig. 4, 11c), The position of the short 
stainless steel tube (D) is shown in Fig. 4. lid.
A hole of ca. 5mm in diamater was drilled in the middle of 
a standard stainless steel CF35 flange. A stainless steel 
tube (F) was inserted and welded perpendicularly to the 
flat surface of the flange. One end of the tube was sealed 
With copper (G) (Fig. 4. lie)
The stainless steel tube (F) in Fig, 4. lie could be 
inserted into the short stainless steel tube (I)) in Fig, 
4 . 11c, such that the copper seal (G) could touch the copper 
hollow cylinder (A) firmly (Fig. 4. Ilf), By giving the 
bolt (E) a sufficient torque, the short stainless steel 
tube (D ) held the stainless steel tube (F) firmly. The 
rest of the miniature heating elements (B) were wound 
around the .stainless steel tube (F) and connected to the 
power supply by passing through the flange and sealed 
(welded); see Fig. 4 . Ilf. The flange was attached to a 
linear transfer mechanism (VG LTM 50) using standard 
knife-edges vacuum seal. The linear transfer mechanism was 
then attached to a standard CF35 port at the preparation 
chamber of the VG ESCA3 MKII spectrometer. The temperature 
of the copper hollow cylinder (A.) could easily be measured
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by inserting a thermocouple into a stainless steel tube F, 
so that its hot junction touched firmly the copper seal(G) 
which is in thermal equilibrium with the copper hollow 
cylinder (A). Fig. 4,12 shows the picture of the MBS and 
the inserted thermocouple.
For the copper hollow cylinder to act as an MBS, it should 
be maintained at a chemisorption temperature. Our first 
attempt to heat-up the MBS was not successful as the 
miniature heating elements were blown up. It was not quite 
believable that we had been supplied with the 120 volts 
miniature heating elements (suitable for USA power supply 
of 120V but not for UK one of 240V), The same local 
supplier was not be able to supply the 240V miniature 
heating elements. Having no choice, a simple system for 
power supply and temperature control was design. The 
electrical circuit and the picture of this system are shown 
in Fig. 4.13.
The transformer steps down the voltage from 240V to 115V. 
The thermocouple provides the voltage (temperature of the 
copper hollow cylinder (A) ) to the temperature controller.
The required temperature of the copper hollow cylinder (A), 
T^ , could be set by using temperature controller. The
temperature controller will send a signal to the relay to 
cut -off the voltage supply if the temperature of the
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copper hollow cylinder (A) exceeds the set temperature ,
or to reconnect the voltage supply if it is below T^ .
According to the manufacturer, the temperature controller 
is capable of maintaining the temperature at ± 2^C.
4. B. 9. 2 Per f ormance of the MBR
Using the linear transfer mechanism, the HBE was introduced 
into the preparation chamber of the ESCA3 MKII 
spectrometer. A K-cell loaded with anhydrous CrCl^ was
attached to the port of the same preparation chamber. The 
position of the MBS and the probe were adjusted so that:
(i) the Cu-substrate was at the position shown in Fig. 
4,14, where its faces were held vertically, and (ii) the 
orifice of the K-cell aligned with the hole of the MBR.
By holding the Cu-substrate at a vertical position, any
deposition onto both of its surfaces would be caused only 
by the reflected molecules from the internal surface of the 
copper hollow cylinder (A). Both surfaces of the 
Cu-substrate were polished to a mirror finish by using the 
technique described in section 4.2.1.
When the vacuum of the preparation chamber reached ca. 10  ^
Torr, the MBR was heated and the temperature of the copper 
hollow cylinder was maintained at 243 ± 2^C. CrCl was
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Fig. 4.14 Deposition of CrClg onto a Cu-substrate by 
using molecular beam reflector (MBR).
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then evaporated. By using XPS (MgK X-ray), both surfaces 
of the Cu-substrate were analysed before and after the 
deposition.
4. 3 Results and Discussion
4.3.1 Sample Preparation
The method of sample(substrate) preparation describe in 
Section 4.2.1 was assessed by XPS, The wide-scans from the 
Cu-substrate surfaces, as shown in Fig. 4.l5Cd - e ), show 
very small 01s and Cls peaks, and downward tail. This 
indicates that the Cu-substrate surface was clean before 
deposition was carried out.
It might be noted that the methods of sample preparation, 
either for corrosion test or surface analysis, adopted by 
some workers in this laboratory are superficially similar 
i.e. wet polishing on silicon carbide paper to 1200 grit, 
followed by final polishing with diamond paste to a mirror 
finish. The samples were then cleaned and rinsed in 
acetone. Initially this method was adopted before the 
substrate was heated up to 550^C for 30 m mutes in vacuum 
of c a . 10® Torr. Unfortunately it did not produce a clean
Cu-substrate surface; Cls and 01s peaks can still be seen 
clearly,as shown in Figs. 4.15 ta - c). It was following 
this observation that the use of 1pm alumina powder on dry
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Fig. 4.15 Wide scan spectra from Cu-substrates surfaces,
(a - c): Polished samples were ultrasonically cleaned and
rinsed in acetone prior to heating at ca. 10”^
oTorr vacuum and ca. 550 C.
(d - e): After rinsing with methanol, the samples were fur­
ther polished with 1 jpm alumina on dry cloth. They
o _ owere then heated to 550 C in vacuum of ca. 10 Torr. 
(f): Argon ion etched sample (for comparison). The sam­
ple was etched for 25 minutes.
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cloth for polishing after the final cleaning and rinsing
was introduced . In addition the use of acetone for
cleaning and rinsing was replaced by methanol. This method 
appears to be working very well, as shown in Figs, 4,15 (d 
- e). It seems that dry polishing with alumina has played 
the important role in this context,
4.3.2 Ttie Measurement of the Substrate Surface Temperature
From the temperature readings given by probe's thermocouple 
and Fe-Constantan thermocouple, a calibration curve shown 
in Fig. 4,16 was obtained. If T^ is a surface substrate 
temperature and T^ is a temperature given by the probe’s
thermocouple, the calibration curve suggests that T ^  o , n d  T ^  
is related by the following linear equation.
T_(*^C) = 0.82 T (°C) + 11 ""C , lOO^'c < T < 400°C.X  p p
(4, 1 )
Basically, the thermocouple provides an output which is 
related to the temperatures of the two junctions. For it 
to function as an absolute temperature measuring device, 
the reference junctions must be maintained at a known 
temperature; normally a slush of melting ice (pure water 
ice) which provides a constant temperature of '^ C. The
thermocuple reader used in this work was fitted with a
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microprocessor circuit; a. temperature sensitive electronic 
network, which develops an equivalent voltage such that the 
need for reference junctions was dispensed with. The 
microprocessor circuit was also capable of correcting any 
error might be introduced by the extension cables. Tests 
on melting ice and boiling water gave temperatures of O.O^C 
and 100.O^C respectively.
In the set-up described in Section 4.2.4, since copper is a 
good conductor (thermal conductivity k = 380 W and
the copper seal was thin; ca. < 2mm in thickness, the 
temperature difference between the surface of the copper 
seal in contact with the Cu-substrate and the one in 
contact with the thermocouple should be very small. Thus 
it can be said that the temperature given by the 
Fe-Constantan resembles the temperature of the substrate 
surface. The temperatures quoted in this report were 
obta ined based on th i s ca1i brat i on.
4.3,3 The production of a Monolayer of Chloride
The typical Fe2p spectra of FeCl^ film deposited onto the 
copper substrate at various substrate temperatures can be 
seen in Fig. 4.17. It is clear from this figure that at 
250*C the Fe2p peak starts showing a shoulder at lower3/2 ^
binding energy side, suggesting that, the peak is composed
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Fig. 4.17 Fe2p spectra of FeCl2 deposited onto a Cu-substrate 
at various substrate temperatures.
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of Fe-meta1 and FeCl^ peaks. At 260 C the Fe-metal peak
becomes bigger suggesting that the decomposition of FeCl^ 
was more pronounced. The rise of the spectrum tail 
indicates that some deposited species molecules 
reevaporated.
At a substrate temperature of between 223 C and 245 C, no 
shoulder was observed at lower binding energy side of the 
Fe2p peak. The ratio of the concentration of Fe to Cl, 
CFej/CCl], was ^ 0.5, suggesting that the decomposition of 
FeCl^ to give metallic element of Fe did not occur. 
[Fe3/TC13 was calculated as
[Fe]/[C1] = PA(Fe2p)/S(Fe2p)PA(C12p)/S(C12p)
KE(C12p)
KE(Fe2p)
1/2
(4.2)
where
FA = peak area
S = sensitivity factor
KE - kinetic energ = hrdX—ray source) (binding energy)
The term in the square brackets in Eq. (4.2) was used to 
modify the sensitivity factors obtained for buJk materials 
to those required for films which are less than ca. X in 
th ickness.
different substrate temperatures, T , can also be seen in
The behaviour of the Fe2p signals at3 .x 2
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Fig. 4. 19. The Fe2p^^^ signal decreases, as increases,
due to desorption of loosely bound FeCl^ molecules in the
film, and levels off at = 223°C ~ 245°C for the
stoichiometric composition. All these observations
indicates the formation of a monolayer of FeCl^ as a result 
of chemisorption at a substrate temperature of between 
223°C and 245°C, for the specific case of Cu-substrate.
In the case of CrCl^, the typical Cr2p spectra at various 
substrate temperatures are shown in Fig. 4, 18. The 
formation of a monolayer occurs at a wider range of 
temperatures, beyound 250°C, as can be seen in Fig. 4,20.
At this point it is worth mentioning that the out-gassing of 
the K-cell for 5 hours at temperature of about 700°C seems 
to be adequate, though ideally it should be outgassed for
24 hours at 1000°C prior to filling, as suggested by the
manufacture.
4. 3. 4 Fi Ins Produced By MBSCR Between FeCl and H O Beams2 2
4* 3. 4.1 Composition of the Films
The completeness of the MBSCR between the monolayer of 
FeCl^ and the H^U beam is shown by the disappearance of the 
Ci-peak and the increase of the 0-peak intensity detected 
by XPS. This can clearly be seen from the wide-scan before
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Fig. 4.18 Cr2p spectra of CrCl^ deposited onto a Cu-substrate 
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Cu-substrate as a function of substrate temperature.
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and after reaction, as shown in Fig. 4.21. The MBSCR was 
carried out at a substrate temperature of between 223^0 and 
245'^C. It was observed that the rapidity of the MBSCR 
increased with temperature. However the reaction was 
always carried out with a caution in mind that the 
substrate temperature of ^ 250°C would cause the
decomposition of the monolayer of FeCl^. When further 
FeCl^ was deposited on pre-existing Fe(OH)^ at temperatures 
greater than 250*^C, only iron metal appeared in the 
spectrum, Fig. 21a(a). This iron did not react with water, 
Fig. 21a(b). It was found that the Fe-raetal atoms from the 
decomposition of FeCl^ do not react with H^O at a substrate 
temperature of between 223*0 and 25b*C. Thus maintaining 
the substrate temperature such that the decomposition of 
the chloride does not occur during the deposition of the 
film is of great importance.
There are a. few possible chemical reactions between FeCl 2
and H^Q. Though these reactions are thermodynamically 
favourable, the actual reaction that has taken place can be 
determined by XPS as follows.
Firstly, FeO is certainly not the product of the reaction, 
since it is thermodynamically stable at a temperature above 
570*C [1631. The binding energy of the Fe2p^ ^  peak at 
7 10.2 eV, as shown in Fig- 4.24, corresponds to the
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C12p
C12s 01s
r « w i  t i j tn  1111111 ij
Binding Energy
O(KLL)"N
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g 01s
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Binding Energy CeV)
Fig. 4.21 The surface chemical reaction between the H2O beam 
and the FeCl2 layer. The disappearance of the Cl- 
peak and the increase of the 0-peak indicate that 
the MBSCR is complete.
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Fe2p^ y2 - Fe(0H)2
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. Fe2pgy2 “ Fe(Œ)2
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Fig. 4.21a Fe2p spectra showing metal peaks (a) before MBSCR 
and (b) after MBSCR.
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position of Fe""’ (taking C Is peak from the adventitious 
carbon at B.E - 284,8 e V ). The shape of the peak also does 
not show any sign of the satellite peak for Fe^^, which is 
normally found just before the Fe2p^ peak (see Fig. 4.22 
for illustration). Thus the broadening of the the Fe2p 
peak is due to multiplet splitting process (see Chapter 6 
for further discussion). It can be said that the Fe2p peak 
is purely from Fe^^» as far as the core level transition is 
concerned. This suggests that the kinetics of the reaction 
process does not promote the formation of as Fe 0 or2 3
in Fe 0 (Fe=+Fe^+0 ).3 4- Z 4.
The position of the peak at B.E - 531.6 eV corresponds to 
the oxygen in OH , However, FeOOH is also not the product 
of the reaction as the shape of the 01s peak does not 
suggest this (see Fig,4,23), and further more, as discussed 
above, the Fe2p peak is purely from Fe^*. From this
discussion it is clear that the cation and anion of the 
reaction product are Fe^* and OH respectively. Thus XPS 
analysis seems to suggest that the kinetics of the surface 
chemical reaction process between the monolayer of FeCl^
and H O  beam promotes the formation of FeiOH) .2 2
FeCl + 2H 0  > Fe(OH) + 2HC1 (4.3)2 2 2
It was also observed that the intensity of the Fe2p
-167-
SATFe
768 725895 7 (8 715
Binding Energy
728 735730
Fig, 4.22 High resolution spectra of Fe2p region 
showing the satellite peaks for Fe(Il) 
and Fe(III).
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BINDING E N E R G Y  ( ,V )
Fig. 4.23 XPS spectra of the 01s level from
(a) an Fe(0H )2 film (the present work)
(b) FeOOH (Ref. 1158))
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satellite peak was reduced when FeCl was converted to 
Fe(OH)^ by the MBSCR with the H^O beam, as can bee seen in 
Fig. 4.24. This observation is in accord with the present 
opinion regarding the charge transfer satellite structure 
of the 3d transition metal(II) compound, which depends 
strongly on the ligand because of different ligand 
electronegativity values C1401.
4. 3.4. 2 Diffusion of Copper Metal Ions Through FeCOFD^ 
Films
The curve (a) in Fig. 4.25 shows the variation of the 
Cu2p^^^ signal from the Cu-substrate as a function of the 
number of reaction cycle. The Cu-signal is represented as 
atomic percentage of Cu calculated by using Equation 
(3.10). CIs Signal was not included in the calculation. 
The number of reaction cycle represents the number of 
Fe(OH)^ layers; assuming a layer is produced per reaction 
eye 1e .
It is clear that the Cu-signal can still be seen even 
though the substrate has been coated with 18 layers of 
Fe(OH)^. This is totally in contrast to the fact that the 
mean free path of electrons is of about 2 nm; in other 
words, the information contained in the XPS comes mainly
-170-
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[After reaction
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Fig. 4.24 Fe2p spectra showing the reduction of the 
satellite peak intensity when FeCl^ was 
converted to Fe(0H)2 by the MBSCR with the
H2O beam.
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Fig. 4.25 The variation of Cu2p^^2 signal from the 
Cu-substrate as a function of the number 
of reaction cycle.
(a) Cu-substrate coated with Fe(OH)
(b) Cu-substrate coated with Cr20^.'2 '
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from the f i rst 4 to 5 atomic la yer a at the surf ace of the 
sample. In comparison with the case of Cr^O films, there 
is a. good agreement in this aspect: the Cu-signal vanished 
after the substrate was coated with 7 3 avers of Cr 0 , as2 3
shown by the curve (b). This observation suggests that the 
Cu-signal in the former case comes from the copper ions 
which have diffused through the Fe(OH)^ films.
To study further this phenomenon, the samples were exposed 
to the atmosphere for 30 days. Using XPS in conjunction 
With argon ion etching, the profile of the films was 
studied. This study has also given an opportunity to 
observe the possibility that ions in F e (O H )^  were
further oxidized in the atmosphere to Fe^^ according to the 
following reaction.
4Fe(0H)^ + 0^ — ----> 2Fe^0^,H^0 + 2H^0 (4,4)
4 (FeOOH)
Fig, 4,26 shows the high resolution narrow scans of Fe2p 
region before and after the argon ion etching. The 
corresponding Cu2p spectra are shown in Fig, 4.27. Before 
etching the Fe2p peak was not observed. The Cu2p spectrum 
shows clear shake-up satellite peaks for Cu2w and- 3/2
C u2p , This shake-up satellite is a characteristic
-173-
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24feature of Cu , in this case either as CuO or Cu(OH)
However the position of the Cu.2p^ ^ peak at BE = 933.9 eV
and the 01s peak at BE = 530.3 eV (Fig. 4.28(a)), seem to
suggest that Cu^* is in the form of CuO (see Table 4. 1) ,
The asymmetry of the 01s peak indicates some hydroxide
component. The CIs peak was at 284.8 eV.
Table 4.1: Metal and oxygen core binding energies of
Copper compounds.
Compounds ZPsxz/sV 01s Note
Cu (metal) 932.4 ± 0. 1 Ref . [ 142]
(932.6 ± 0.2) This work
Cu 0 2 932.4 ± 0. 1 530.5 ± 0. 2 Ref. ( 1421
CuO 933.7 ± 0.2 529.60 ± 0. 15 Ref. [ 1421
(933.9 + 0.2) (530.3 ± 0.2) Th is Work
Cu(OH) 2 934.20 ± 0.25 531.2 ± 0.2 Ref. I 1421
In ref. I 1421 CIs peak is at BE = 285.0 ± 0.2 eV .
After XPS analysis, the sample was etched for 1 minute, 
corresponding to the removal of about 7 atomic layers . As 
mentioned earlier in Section 4.2,5, etching was set up to 
give an etching rate of i.5 nm/min.
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(a) (b)
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Binding Energy/eV
Fig. 4.28 The high resolution narrow scans of 01s region
(a) before etching, corresponds to the oxygen 
in CuO,
(b) after etching, corresponds to the oxygen 
in 0H“ (FetOH),).
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As can be seen in fig 4.26, after the etching r.e. the 
removal of the top 7 atomic layers, the Fe2p signal
reappears at BE = 710.2 eV, The position and the shape of 
the peak remain the same; resembling the peak from Fe^'. 
On the other hand, the 0 Is peak is shifted to the higher 
binding energy; BE = 531.5 eV, which corresponds to the 
oxygen in OH (Fig. 4.28b). Thus ions were not
further oxidized to when the samples were exposed to
the atmosphere for 30 days. In Fig. 4.28(b) the asymmetry 
of the 01s peak indicates some oxide component. The Cu2p 
spectrum after etching, as shown in Fig. 4.27, has the 
Cu2pg^^ peak at BE - 932.6 eV which represents either
Cu-metal or C u O  (see Table 4.1). However, the 01s peak
corresponds to oxygen in hydroxide i.e. from Fe(OH) , so it
is unlikely that Cu-signal comes from Cu^O. Thus Cu2p
spectrum after etching in Fig. 4.27 resembles the signal 
from Cu-metal. From these observations it is clear that 
during the deposition of Fe(OH)^, where the substrate w.as 
heated at a temperature of between 223*C and 245°C, the 
Cu-metal ions from the substrate diffused through the 
deposited film. When the samples were exposed to the 
atmosphere, these Cu-metal ions were oxidized to form CuO 
and buried ions in the film underneath. This reveals
that the Fe(GH)^ film permits the diffusion of Cu-metal
-177-
ions from the substrate outward. Therefore it is not 
protective.
4. 3. 5 Film Produced by MBSCR Between CrCl and H O Beams3 2
4.3.S.1 Composition of The Film
Despite the fact that attempts to deposit a protective film
of iron oxide were not successful and a Fe(OH) film was2
produced instead, the depositions were carried out further 
by using CrCl^ and H^O beams. As in the case of Fe(OH)^ 
deposition, the disappearance of the Cl-peak and the 
increase of the 0-peak intensity was used to indicate when 
the MBSCR is complete. The reaction was carried out at a 
substrate temperature of between 225°C and 245°C.
The Cr2p spectra after and before the reaction are shown in 
Fig. 4.29. They are similar in terms of shape and position 
of the peak as can be seen from the superimposed peaks. 
The Cr2p^^^ peak at BE = 578.4 eV (taking C Is position at 
BE = 284.6) corresponds to the Cr^^ ion. Spectral analysis 
(curve fitting) reveals that the spectra of the 01s level
have two peaks at BE = 530,2 eV (80 - 85 %) and BE = 531,8
eV (15 - 20 %), as shown in Fig. 4.30, This means that the 
films produced contain two types of oxygen differing in the 
method of chemical bonding. One with the lower binding 
energy comes from oxygen in the Cr~0 bond and the other
with higher binding energy arises from that in Cr-OH bond.
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It can be suggested that the films produced by sequential 
use of CrCl and H 0 beams are composed a mixture of Cr 03 2 2 3
(80 - 85 %) and Cr(OH)^ (15 - 20 %). This may be explained 
as follows.
Surface chemical reaction between a monolayer of CrCl^ and 
H^O beam may produce Cr(OH)^ by a similar process for that 
observed with FeCl^ film.
CrClg + 3H^0  > Cr(OH)^ + 3HC1 (4.5)
However, as Olefjord [45] has shown, Cr(OH)^ is unstable in
vacuum, with respect to Cr 0 , i.e,2 3
2Cr(0H)g -----> Cr^ Og + 3H^ 0 (4,6)
Because of this instability it is perhaps more appropriate 
to consider the oxide to form directly by the reaction
2CrClg + 3H^0  > Cr^O^ + 6HC1 (4,7)
As stated above, analysis of the oxygen signal shows that 
the final product contains some 15 % OH” ions whichever
route is adopted.
For comparison, binding energies of the Cr2p^^^ and 01s
—181—
photopeaks reported for Cr^C^ are listed in Table 4.2. 
Thus, the value measured in this present study is in good 
agreement with the literature values.
Table 4.2: Binding energies (in eV) of the Cr2p^^^ and 01s
photo- peaks for Cr^Og.
Cr2p^^^ 01s CIs or (Au4f )7/2 Reference
576. 3 — 285.0 A1 len . et ,ai.C1883
578.6 530, 1 (83.8) Allen,et.ai.C1873
576. 3 529. 9 284. 6 Clayton,et .a i .C563
576.3 530. 0 284.3 Olefjord.et.ai.[543
577.0 - (84.0) Hischler.et.ai.[673
576.4 530.2 284.8 This work
As can be seen in Fig. 4.25 (curve (b)), after the eight 
sequential reactions the photoelectron signal from the 
Cu-substrate was not detected. This is in accord with the 
fact that the mean free path of electrons is of around 2nm, 
as mentioned earlier. This shows that film produced does 
not permits the diffusion of Cu-metal ions from the heated 
Cu-substrate. To study further this behaviour, the sample 
was exposed to the atmosphere for 30 days, as in the case 
of Cu-substrate coated with Fe(OH)^ films. Using XPS, the 
film was analysed. The wide scans in Fig. 4.31 do not show 
any indication that Cu-metal ions have diffused outward
—182—
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Fig. 4.31 (a) A wide scan before exposure (fresh Cr20g
films ).
(b) A wide scan after the sample was exposed 
to the atmosphere for 30 days.
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through the film. For the sample exposed to the
atmosphere, the increase in Cls signal as shown m  Fig. 
4,31(b) is expected.
4, 3. 5. 2 Uniformi ty of the Films
Since interdiffusion did not seem to have occurred, the 
growth process could be further analysed by reference to 
the Cu-signal from the substrate and Cr-.signal from the 
over layer. The Cr-signal intensity, 1^^, increases with 
the layer thickness, d, according to the relationship
1 = I (O) [ i - J (4.4)C r  C r
where l^^(o) is the signal obtained from a clean and thick 
standard of the over layer material, AiE) is the inelastic 
mean free path appropriate to the kinetic energy, E, of the 
electron signal and 0 is the electron take-off angle.
The decrease m  signal intensity, of the substrate
associated with an increase in the over layer thickness is 
given by the relationship
1 = 1 (o) e d/XiE')sine (4.5;C u  C u
Where is the signal obtained from a clean substrate
and E ’ represents the kinetic energy of the substrate
—184—
emission* The inelastic mean free path of the inorganic 
compound can be calculated using empirical relationship by 
Seah and Bench C1643*
[ r inf* A ^1/3 ni/z[ pnN J J (4.6)
where E is the kinetic energy of the electron in eV, A is
the molecular weight, n is the number of atom n the
molecule, N is Avogadro’s number, p is the bulk density in
kg* m  ^and X is expressed in monolayer*
It should be mentioned here that Eqs,(4,4) and (4*5) are
valid if the overlayer covers the substrate uniformly*
Returning to Eqs.(4*4) and (4,5), we can write
')3ine I" 1 _ e“ d/X(E)sine j (4 ,7 )
Cl (o)3/Cl (0)3 = CS 3/CS 3 where S and S areCr G u  Cr Cu Gr Cu
sensitivity factors for Cr and Cu respectively* Defining
the terms in the left-hand and right-hand sides of Eq.
(4,7) as Y and X respectively, the values of Y were
measured and the values of X were calculated*
-185-
In calculating X, d should be expressed in such a way that 
the exponential terms are dimensionless* Thus, d was taken 
as the number of layers produced after the reaction,f.e.
[number of layers'! f number ofper reaction J reactions J
The number of layers per reaction was selected so that d 
gives X which is near to Y. The number of layers per 
reaction selected might also tell us the way Cr and 0 atoms 
were deposited* If the number of layers per reaction is 
one, it implies that Cr and 0 atoms were deposited in a 
.*.CrO,.. side-by-side arrangement; or, that Cr and 0 atoms 
were deposited in a *..CrO**. stacking sequence if the 
number of layers per reactions is k 2. The results in
Table 4,3 show that the number of layers per reaction equal 
to 2 is the most likely case; suggesting that Cr and 0 
atoms were deposited in a stacking sequence* This is in 
accord with the general belief regarding the deposition of 
species for electronic materials by using ALE C1073* The 
detailed calculation for the results in Table 4*3 is 
presented in Appendix 2*
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Table 4.3
Number of reaction, E X YL = 1 L = 2 L = 3
0 0(d = 0) 0(d = 0) 0(d =; 0) 0
1 0.07(d = 1) 0. 16 (d = 2) 0. 29 (d = 3) 0. 07
5 0. 67 (d = 5) 3. 17 (d = 10) 11. SO (d = 15) 4. 08
7 1. 32 (d = 7) 9. 13 (d = 14) 51.79 (d = 21) 9. 05
8 1.78 (d = 8) 15. 14 (d = IB) 106.90 (d = 24) 16. 15
The plot. of Y versus X is shown in Fig. 4.32,
Theoretically, this plot should be a straight line passing 
through the origin with a slope equal to one, i.e Y = X,
Taking into account the errors contained in the empirical
formula used to calculated À (see Seah and Dench C1641 for 
discussion), the experimental result obtained can be
considered in a good agreement with the theory. This 
implies that the film was grown uniformly on the 
Cu-substrate. This fact can also be seen from the 
wide-scan shown in Fig. 4.33. The steady rise of the 
background and the decrease in PFBS (post peak background 
slope) of the Cr2p peak imply that the Cr^O^ film was 
deposited uniformly.
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Fig. 4.32 The plot of Y versus X, where
X = (Sg^/Sg^) e-"l/'\(E')sinS _ g-d/7KE)sin9 ,
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4.3.6 Films Produced by Sequential Use of CrCl^ and H^O
Beams Followed by FeCl and H O Beams.2 2
4. 3. 6. 1 The Composition of Film
From the above discussion, it is shown that the surface 
interaction between H^O beam and the first metal chloride, 
CrClg, gives rise to a first intermediate layer of Cr^O^ 
and the surface interaction between the second metal 
chloride, FeCl^, and H^O beam produces a second and 
different intermediate layer, Fe(OH)^. A comparison 
between the 01s peaks from Fe(OH)^, Cr^O^, and sequentially 
deposited layers of Cr^O^ and Fe(OH)^ (mixed layers) shows 
that the 01s peak from the mixed layers is shifted towards 
lower binding energy, as can be seen from Fig. 4.34, This 
can be interpreted in terms of the change in film 
composition, i.e. the two intermediate layers of Cr^O^ and 
Fe(OH)^ further interact to form a mixed oxide layer. This 
is similar to the interaction which usually occurs in the 
passive films on alloys intended for high temperature use, 
where the oxide of the alloying components react with each 
other and form a more stable complex oxide ClGSl. The 
atomic ratio of Cr to Fe has values of between 2.0 and 2.3, 
which suggests that the mixed oxide produced is of the form 
of an FeCr 0 spinel,2 4 ^
In the above deposition, when the second CrCl^ monolayer is
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B
100 -, FeCl2 +H2O Beam
80 -
CrClg+ H2O Beam 
followed by 
FeCl2 + H20 Beam60 _HZ
20 _
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BE/eV
Fig. 4.34 XPS spectra of the 01s level from (A) an Fe(0H)2 film,
(B) a Cr2Û2 film and (C) a mixed oxide film of Cr(III) 
and Fe(II). In the case C the peak shift towards lower 
binding energy indicates that the two intermediate layers 
of Cr20g and Fe{CH)2 further interact to form a mixed 
oxide layer.
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deposited onto the second intermediate layer, Fe(OH)^, a 
surface interaction takes place which can be represented as
3Fe(0H) + 2CrCl  > 3FeO + Cr 0 + 6HC1 (4.8)2 3 2 3
This formation of a surface oxide allows the further 
deposition of CrCl^ to form another monolayer which in turn 
reacts with an H^O beam. Thus two layers of Cr oxide are 
grown for every sequential use of CrCl^ and H^O beams, 
whilst the iron hydroxide is converted to a stable oxide. 
This is probably the reason why the atomic ratio of Cr to 
Fe has values of between 2 and 2.3 which resembles the 
ratio in the FeCr^O^ spinel. The overall chemical reaction 
for the formation of this mixed oxide film may be written 
as
3Fe(0H) + Cr 10 + 4CrCl + 3H 0  > 3FeCr 0 + 12HC12 2 3 3 2 2 4
(4.9)
4.3.6.2 The Deposition of a Mixed Oxide Film of CrClIIO 
and FeClIO Onto a Carbon-fibre Tow.
Three cycles of deposition were carried-out according to 
the technique previously described. After the deposition, 
the surface of the carbon-fibre tow was analysed by XPS 
using AIK^ radiation. As stated before, one cycle of
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deposition was defined as deposition by sequential use of
CrCl and H O  beams followed by FeCl and H O  beams. An3 2 ^ 2  2
XPS wide scan spectrum representing the surface of the
carbon-fibre tow after the deposition is shown in Fig,
4.35a.
From this spectrum it is clear that Cl-atoms have been 
removed by surface chemical reaction with water beams. 
This shows that the heated Cu-substrate at 240°C has 
provided the carbon-fibre tow with enough heat to produce a 
chemisorption temperature for the chlorides and to allow 
HBSCR to take place. For comparison, an XPS wide scan 
spectrum representing the passive film on FelTCr. steel 
alloy is shown in Fig. 4.35b. This spectrum was provided 
by one of the workers in our group. The steel sample was
passivated in 0. IM H SO at +750 mV(SHE) for 24 hours, and
argon ion etched for 15 seconds.
It can clearly be seen that the barrier films deposited 
onto the carbon-fibre tow have the features similar to the 
features of the passive films formed on steel. To the best
of our knowledge, never before has a mixed oxide film of
Cr(III) and Fe(II) been deposited onto a carbon-fibre tow
on a layer-by-layer basis at low temperatures.
In many practical cases it is necessary that the deposition 
of barrier films must be uniform over all sides of the
-193-
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Fig. 4.35 (a) A mixed oxide film of Cr(III) and Fe(II)
deposited onto a carbon fibre tow.
(b) The passive film on Fel7Cr steel alloy.
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fibre-tow or materials with other similar geometries , for 
example surface of a metal wire. In reference to the 
present method, the success of such exercise depends on the 
ability to deposit chlorides over all side of those 
substrates from a single source of molecular beams. The 
result of an attempt to develop a technique for this, 
which has been described in Section 4.2.9 is reported next.
4.3.7 Performance of the Molecular Beam Reflector
The circuit for the power supply and temperature controller 
seemed to have performed well. The temperature controller 
was capable of maintaining the temperature of the copper 
hollow cylinder at (235 - 270) ± 3 °C ; slightly higher than 
the range claimed by the manufacturer, ± 2*C,
The typical XPS wide scan spectra from both surfaces of the 
Cu-substrate before and after the CrCl^ evaporation are 
shown in Fig, 4.36. After the evaporation both surfaces 
were covered with CrCl^, As described earlier (see section 
4,2.9,2), this deposition was obviously caused by the 
reflected CrCl^ molecules from the MBE i.e. internal 
surface of the heated copper hollow cylinder.
For the conversion of the chloride to oxide by surface 
chemical reaction with H^O beams, it was necessary that the 
deposited CrCl^ molecules were not dissociated to metallic
-195-
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Fig. 4.36 Deposition of CrCl^ by molecular beam reflector 
(MBR).
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element. To check whether or not such dissociation took 
place, the ratio of the concentration of Cr to Cl, 
[Cr]/[C1], was calculated by using the formula similar to 
the one in Eq. (4.2), i.e.
[Cr]/[C1] = PA(Cr2p)/S(Cr2p)PA(C12p)/S(C12p)
KE(C12p)
KE(Cr2p)
1/2
(4.8)
where PA is peak area, S is sensitivity factor and KE is 
kinetic energy; KE = hz^  (X-radiation) - Binding energy.
i1 lustrated as foil
of = 56684
. of C12p = 79677
for = 1.1
for C12p = 0,42
Correction factor = 1253.8 - 1981253.6 576
i/2
= 1.2845
[Cr]CCI] r 56684/1.1 1[ 79677/0.42 J
i/z
X  1.2845
= 0.339
The data obtained are presented in Table 4.4 below
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Table 4,4
Experiment [Cr]/[C1] Temperature of MBR
Surface 1 Surface 2
MBR 1 0.339 0.336 240 ± 3 °C
MBR 2 0.335 0.329 245 ± 3 °C
MBR 3 0. 338 0.331 250 ± 3 °C
From the data shown in Table 4,4, the ratios CCr3/CC13 for 
both surfaces were close to the true value of 1/3 =  0,333.
This clearly shows that the MBR did not cause dissociation 
to the reflected CrCl molecules,3
When the internal surface of the copper hollow cylinder was 
held at a chemisorption temperature of between 240°C to 
250°C, the CrClg molecules that reached the surface were 
attached to the surface via strong interaction, i.e. 
chemisorption, Since only one layer of molecules could 
form surface bond, that is undergo chemisorption, the 
subsequent CrCl^ molecules that reached the internal 
surface of the copper hollow cylinder were reflected. 
These reflected molecules were eventually reached the 
Cu-substrate and attached.
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4.4 Remarks
From the above discussion, we can see that the mixed oxide 
film of Cr(III) and Fe(II) can be grown on a layer-by-layer 
basis. One of the important problem encountered in the 
deposition of such barrier films onto the fibre-tow or 
materials with other similar geometries , for example 
surface of a metal wire, has been portrayed, and the 
practical solution to the problem has been demonstrated. 
Some of the required properties for the barrier films have 
also been shown. Thus the films produced certainly 
deserved to be further investigated. This will be reported 
in the next chapter.
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s PROPERTIES OF THE MIXED OXIDE FILM OF C r C I I D  AND FeCII> 
PRODUCED BY MBSCR
5.1 Introduction
The preliminary results reported in the previous chapter 
indicate that the mixed oxide film of Cr(II I) and Fe(11 )
produced by MBSCR has the required properties of the
barrier film discussed in Chapter 2, Thus further 
investigations were carried-out to show the properties of 
the film.
5, S The effectiveness of the Mixed Oxide Films as an
Inhibitor for Interdiffusion Between Metallic Phases
S. 2. 1 Experimental
ks has been portrayed in chapter 2, the problem of
interdiffusion between metallic phases in some systems is 
very important, and it is crucial in some systems of MMC. 
Thus attempts were made to test the effectiveness of the 
mixed oxide film of Cr(III) and Fe(II) as an inhibitor for 
this interdiffusion.
The phenomenon of gold-copper interdiffusion is well known 
and has been studied by some workers C168 - 1703. Thus in 
our attempts to study the performance of the mixed oxide
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film produced in inhibiting the interdiffusion between 
metallic phases, a gold spot was deposited onto a clean 
Cu-substrate and onto a Cu-substrate coated with the film. 
To carry out such deposition, a brass plate with a circular 
hole of about 3 ram in diameter was placed on the top of the 
substrate. The hole exposed part of the surface of the 
substrate and the plate masked the rest of the surface. By 
using the sputter deposition technique a gold spot with the 
size of the hole was deposited onto both clean and coated 
Cu-substrates. This is illustrated schematically in Fig, 
5. 1. The picture at the bottom shows the gold spot 
deposited onto the coated Cu-substrate. The substrate was 
bolted to the probe and heated at 300°C in the analyser 
chamber where the vacuum was about 10 ^  Torr, Using XPS, 
CuSp and Au4f signals were monitored as a function of3/2 ^
time. The ratio of the peak areas of Au4f to CuSp^ 7/2 ^3/2
versus time was plotted for both cases,
5.2,2 Results and Discussion
The gold spot on the heated uncoated clean substrate has 
shown the phenomenon of Au-Cu interdiffusion clearly, as 
can bee seen in Fig 5.2. Due to Au-Cu interdiffusion the 
intensity of the Au4f signal decreases rapidly with7/2 X
time. On the other hand the gold spot on the heated 
Cu-substrate coated with the mixed oxide film shows no 
decrease in intensty, as can clearly be seen in Fig. 5.3.
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Mask Cu-substrate
i
Target material (Au)
# * Sputtered atoms (Au)
Incidentions
A gold spot deposited onto a coated Cu- substrate
Fig. 5.1 The deposition of a gold spot onto a coated 
Cu-substrate by using the sputter deposition 
technique.
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No heating
300°Cj t == 5 min
300°C, t = 6 min
300°C, t = 22 min
300°C, t = 34 min.
56 60
BE/eV
Fig. 5.2 Au4f peaks from a gold spot deposited onto an uncoated 
Cu-substrate, obtained at different times after the 
heated Cu-substrate reached 300°C.
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No heating
300°C, t = 5 min
300*^ 0, t = 22 min.
300°, t = 32 min.
56 60 64 68 72 76 80 84 88 92 96
BE/eV
Fig. 5.3 Au4f peaks from a gold spot deposited onto a coated 
Cu-substrate, obtained at different times after the 
heated Cu-substrate reached 300°C.
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A plot of [(peak area) 3/C(peak area) 3 versus time in^ A u  ^  Cu
Fig. 5,4 shows a horizontal line for the coated 
Cu-substrate and a rapid decrease for the uncoated one. 
Thus the films, whilst being very thin, less than 2 nm, 
have a particularly dramatic effect on interdiffusion 
between metallic phases.
Another important fact that must be mentioned here is that 
the charging was not observed during XPS analyses for the 
coated Cu-substrate. This is clear from the position of 
the Au4f peak at BE = 84.0 eV. The implication of this7/2
important observation is that the barrier films produced 
permit the conduction of electrons.
From the above discussion, we have witnessed that our aim 
to produce barrier films which are capable of inhibiting 
interdiffusion between metallic phases and permitting the 
conduction of electrons has successfully been achieved. 
This may merit further investigation in order to see the 
quality of the barrier films. The electrochemical
technique was chosen for the investigation which will be 
described in the next section.
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Fig. 5.4 The variation of Au4f^^2 signais from a gold spot 
deposited onto an uncoated and a coated Cu-substrtes 
as a function of time. Ihe signals were obtained 
after the Cu-substrates reached 300°C.
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s. 3 Uniformity and Non-porosity of the Mixed Oxide Film 
- Electrochemical Investigation
5.3.1 Introduction
The ability of the electrochemical reactions in explaining 
many corrosion phenomena has given rise to the use of 
electrochemical techniques in many corrosion studies. In 
these techniques, the current-potential relations under 
carefully controlled conditions are measured, from which 
information on corrosion rates, coatings and films, 
passivity, pitting tendencies and other important data can 
be obtained.
The electrochemical techniques that are usually used in 
evaluating the compatibility of metal-environment 
combinations are: Potent iodynsim ic scnodic polar iza,t ion
technique to provide a qualitative overview of the 
corrosion process, Galvanic corrosion measurements
technique to provide information on interactions between 
different metals which are in electrical contact, and 
Linear polarization technique and Tafel plots to determine 
absolute corrosion rate. The following describes some 
basic concepts in electrochemistry.
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5.3.2 Some Basic Concepts in Electrochemistry
5.3.2.1 Electrochemical Process
Electrochemical process dominate the corrosion of metal in 
most aqueous environments, in which there is a tendency 
that the metal is converted to its chemically combined 
states [171]. The anodic reaction that may take place can 
be written as
M ---- > + ne" (5.1)
According to Wagner and Traud [173], the most common 
cathodic reactions encountered in aqueous corrosion to 
balance the anodic reaction are:
i. Oxygen reductions
0 + 4H* + 4e"  > 2H 0 (5.2)2 Z
(For acidic solution)
0 + 2H 0 + 4e  > 40H (5.3)2 2
(For neutral or alkaline solution)
ii. Hydrogen evolution
2H‘^ + 2e“  > H (5.4)2
(For oxygen-free liquid, such as 
hydrochloric acid (HCl) or stagnant 
water.
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iii. Metal ion reduction
+ e~ ------> (5.5)
5.3, 2.2 Tafel Plot
When a metal or alloy specimen is placed in an electrolytic 
solution, an electrode potential is developed which is 
dependent upon the metal and the nature of the solution. 
This "open-circuit" potential, i.e where there is no 
contact between anode and cathode, is termed the corrosion 
potential, E (relative to a reference electrode e.g.corr ^
Standard Calomel electrode). According to the mixed 
potential theory [173], any electrochemical reaction can be 
divided into two or more anodic and cathodic reactions and 
there can be no net accumulation of electric charge during 
an electrochemical reaction. Thus, at E both anodiccôrr
and cathodic processes occur on the specimen surface. The 
anodic current , i , and cathodic current, i , thatox red
present have exactly the same magnitude, so the measurable 
current, i , is zero.mecxs
i = i “ i = 0  (5.6)mecLs red ox
Thus the specimen is at equilibrium with the environment.
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When a potential is imposed on the specimen from an 
external voltage source, such as potentiostat, the specimen 
will no longer be at its corrosion potential. This 
deviation from the corrosion potential is called 
polarization. The difference between the potential of the 
specimen and the corrosion potential is termed overvoltage, 
77. A Tafel plot is performed on a metal specimen by 
polarizing the specimen up to about 300 mV anodically ( 
positive going potential) and up to 300 mV cathodically 
(negative going potential) from the corrosion potential, 
E . The resulting current 1 at overvoltage 77 on acorr
logarithmic scale is plotted vs. overvoltage, 77, to produce 
an experimentally measured Tafel plot, as shown in Fig. 
5.5.
The anodic and cathodic Tafel plots are described by the 
tafel equation, after J. Tafel C1743. Tafel assumed in his 
work that the rate controlling step was electron exchange 
across an activation barrier, giving
Ï7 = log r   ---  1  (5.7)
L corr -*
where
77 = overvoltage 
(3 = Tafel constant 
i = current at overvoltage 77, juA 
i = corrosion current, uA.corr
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Fig. 5.5 Experimental measured Tafel plot
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The presence of an insoluble surface layer prevents the 
formation of ions and the Tafel plot is no longer observed. 
Similarly the cathode line is depressed and non linear if a 
resistive barrier to electrodes is present. In the present 
work Tafel plots were used to assess the influence of a 
mixed oxide barrier layer deposited on copper by the extent 
of deviation observed.
5,3.3 Sample Preparation
Two types of samples were used; coated Cu-substrate samples 
for the investigation of the coating quality and the 
uncoated Cu-substrates for the comparison. Both types of 
samples were taken from the same geometry shown in 
Fig. 4.1.
The coated samples were prepared according to the method 
described in section 4.2.8, i.e, they were coated with a 
thin ( 1 0  nm) mixed oxide film of Cr(III) and Fe(II). The 
uncoated ones were prepared according to the method 
described in Section 4.2,1, where they were finally 
polished to a mirror finished using 1 fum alumina powder on 
dry cloth. The samples were then cut using a junior saw to 
give approximately a square geometry ca. 1 cm x 1 cm, as 
shown in Fig. 5.8. This dimension was suitable to be 
accommodated into the sample holder. Since the test 
involves surface chemical reaction, any disturbance on the
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samples surface will to some extent affect the 
electrochemical result. Thus, a great care was taken in 
cutting the samples, to avoid such disturbance on the 
samples surface.
S. 3. 4 Test Environment
The test environment for this investigation was 3.4 % NaCl 
solution freely exposed to air. It was prepared from the 
analytical grade NaCl using Hilli-Q water.
5.3.5 Electrochemical System
5.3.5.1 Electrochemical Cell
The electrochemical cell used in this investigation is 
shown schematically in Fig. 5.6. The main body of the cell 
consisted of a "Pyrex" glass cylinder with "quickflt" 
male-female joints for the connection of reference and 
counter electrodes, and a stopper which had a facility to 
support a sample holder.
Reference Electrode
A Calomel electrode (Type SRI, Russel pH, Ltd.) placed in a 
separate compartment containing saturated KCl solution was 
used as a reference electrode. It was connected to the 
electrochemical cell via a Luggin probe. To minimize any 
apparent effect of electrode screening or resistance error.
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L _
a - Auxiliary electrode compartment
b - Platinum plate
c - Porous glass frit
d - Main body of the cell
e - Sample holder
f - Sample
g - Luggin probe
h - Standard Calomel electrode
i - Reference electrode compartment
Fig. 5.6 Schematic diagram of electrochemical cell.
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the tip of the Luggin probe was located in closed proximity 
to the working electrode (sample) ca. 2 mm. The probe tip 
tends to screen current from the electrode when it is 
located too close to the working electrode, and introduce 
an appreciable resistance or ohmic error if it is located 
too far away from the working electrode 111723,
Auxiliary Electrode
Auxiliary or counter electrode used consisted of a one
centimeter square platinum plate. It was always kept
immersed in distilled water (in its glass container) when 
was not in use to prevent atmospheric dust contaminant. As 
mentioned above, the auxiliary electrode was connected to
the main body of the cell by means of a "quickfit"
male-female glass joint. The glass frit at the joint had a 
function to prevent electrochemical reaction products in 
auxiliary electrode compartment from mixing with the bulk 
solution.
5* 3.S.2 Sample Holder
In electrochemical study, sample mounting plays an
important Tole in experimental reproducibility. Crevices 
that may exist between the metal sample and mounting
materials as a result of the improper sample mounting 
procedure have been known to distort the anodic
polarization behaviour of the metal. Taking into account
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of this problem, a special sample holder has been designed 
for use in this present investigation. Other requirements 
that have been taken into consideration in this design are: 
(i) The sample holder should be able to accommodate a 
sample that can be prepared from the geometry shown in Fig.
4. 1. For convenience the samples were cut to give a square 
geometry ca. 1 cm x 1 cm. (ii) It should also be able to 
exposed only a well defined area of coating.
Polytetrafluoroethyiene (PTFE) was considered to be the
best material for making the holder. Its easy
machinabi1ity which allows an intricate design with 
accurate dimensions to be made, inertness in many corrosion 
environments and good insulating properties make it the 
material of choice.
Basically, the holder was designed based on the design by 
France C1753 with some modifications and changes in its
specifications to suit the requirements in this present 
work (Fig. 5.7). To enable the sample to be loaded in or 
removed from the holder with ease, the front portion has
been modified to be detachable from the main body of the
holder (f) via a screw thread i.e, the front bolt (a). The 
rear threaded PTFE bolt was removed from the design. This 
simplified the design and reduced the risk of leakage due
to the thread. A replaceable PTFE annular gasket with 
internal diameter of d = 5.50 mm has provided a well
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a “ Front bolt
b - Replaceable circular PTFE gasket
c - Sample
d - End of the copper wire (flattened)
e - Stainless steel back-plate
f - Main body of the holder
g - PTFE contact wire Insulator
h - Copper wire
u
C2 1
J ? _
il
n
Scale 1:1
Fig. 5*7 Sample holder for electrochemical test.
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defined exposed area of n i d / 2 ) ^  ~ 0.238 cm^.
A flattened end copper wire (h) coupled with a stainless 
steel backplate (e) provides an electrical contact between 
a sample (c) and the working electrode terminal of a 
potentiostat. The flattened end of the copper wire (d) was 
placed between the sample and the stainless steel backplate 
in the main body of the holder. When the threaded front 
bolt was tightened up with sufficient torque, the annular 
PTFE gasket (b) together with the sample, the flattened end 
of the copper wire and the stainless steel backplate were 
compressed backwards. By this way an excellent electrical 
contact was attained, and only well defined area of coating 
(or uncoated Cu-substrate surface) was left exposed to the 
test environment. The copper wire was insulated from the 
test environment by passing it through a hole in the middle 
of the PTFE holder (g). To prevent the accumulation of the 
corrosion products and evolved gas at the sample surface, 
the front bolt was designed to have an oblique entrance 
angle.
5.3.S*3 Electronic Equipments 
Potentiostat
A Wenking model LT78 potentiostat was used in this direct 
current electrochemical investigation to provide a reading 
of the control voltage, the rest potential of the cell and
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the cell current. When all the connection to the cell were 
ready, the rest potential of the working electrode 
(relative to the reference electrode e.g. standard Calomel 
electrode) could easily be measured by switching the 
instrument selector switch from " "  to "E^". Switching 
over from “E^" to "I" connected all electrodes. For 
accurate simultaneous recording of the current (^A) and the 
potential (mV SCE), Farnell DM131 digital multimeters were 
connected to the output terminals of the potentiostat.
Stepping Motor
The potentials applied to the working electrode were 
controlled by using a Wenking SHP89 stepping motor control. 
This enables the potential to be scanned at different 
preselected change rate from a cathodic initial potential 
towards the anodic direction or vice versa.
5* 3* 6 Experimental Procedure
Before the test, the electrochemical cell was washed with 
Milli-Q water and dried. All the electronic equipments 
were warmed-up for a period of ca. 30 minutes. This could 
rule out any problem caused by non-linear temperature 
changes in electronic components. The test sample was 
inserted into the sample holder. After the auxiliary 
(counter) and the reference electrode were properly placed, 
the main body of the electrochemical cell was filled with
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the test environment (3.4% NaCl solution) and the sample 
holder (working electrode) was properly placed inside the 
cell. The rest potential was then observed. After that 
the scanning was started at a rate of 30 mV/min from ca. 
“280 mV(SCE) to -GO mV(SCE). Since the rest potential 
varied rapidly with time, the scanning was started after 
steady state rest potential was achieved, about 10 minutes 
after the immersion of the sample.
The current density (the resulting current/exposed area) 
,/jA/cm^, at potential E on a logarithmic scale was plotted 
versus potential E (mV). The experiment was repeated with 
different coated and uncoated samples.
5.3.7 Results and Discussion
The sample holder used in this investigation seemed to 
performed well. Neither leakage nor crevice effects was 
observed through the period of this investigation. A 
picture in Eig. 5.8a exhibits a typical exposed sample 
using this holder. However, care should also be taken to 
avoid any air bubble which could be trapped on the exposed 
sample. Fig. 5.8b shows the effect of the trapped bubble 
which could lead to misinterpretation of the result. Thus 
only results from the samples which were free from such 
effect were taken.
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Well defined exposed area
Unexposedarea
11111111111H i i 11 ( i (|0 10 20mm
Fig. 5.8 Samples after polarization test showing
(a) well defined exposed area
(b) effect of the trapped air bubble.
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As has been shown in Chapter 4, the passive films produced 
are similar to those formed on stainless steels. Thus in 
explaining the electrochemical behaviour of the films, we 
have adopted the standard model of anodic polarization 
curve for stainless steel in solution containing chloride, 
as shown schematically in Fig. 5.9 (see for example Mattson 
[176]).
The anodic-cathodic polarization behaviour of the coated 
Cu-substrate and uncoated Cu-substrate are totally 
different, as can clearly be seen in Fig. 5.10. The 
coating has decreased the corrosion current down to ca. 
1/uA/cm^. On the anodic potential side the coating has 
decreased the current by a factor ca. 10^. On the anodic 
potential side, it seems only uncoated Cu-substrate shows 
the tafel behaviour, analogous to the active region for 
stainless steel ( "a" in Fig. 5.9). On the other hand the 
polarization curves of the coated sample are flat, i.e. the 
Tafel constant ft is very large ca. 200mV/decade, and the 
Tafel behaviour is no longer observed. Instead its 
behaviour is that found for a sample carrying a passive 
film and is similar to that found for stainless steel in 
the passive range ("b" in Fig, 5.9). When the potential 
was increased further, a sudden rise in current was 
observed. The behaviour of the coated sample is now 
Similar to that found for stainless steel in the 
transpassive region (“c" in Fig. 5.9). The majority of the
-Transpassive --  Active —   Passive
?
Potential E
Fig. 5.9 Schematic of anodic polarization curve for
stainless steel in solution containing chloride,
* Uncoated sample 
o Coated sample
1-
oo
mi -  2  —
•3-
,2
xK>
-14-18
E(mV) va $CC
-10
Fig. 5.10 Polarization curves for the coated and uncoated 
Cu-substrates.
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coated samples showed similar features. This evidence 
shows clearly the corrosion resistant of the coating» mixed 
oxide film of Cr(III) and Fe(II), hence its continuity and 
non-porosity.
As mentioned before a great care should be taken in cutting 
the samples, especially the coated ones, to avoid any 
disturbance on their surfaces. Such disturbance has been 
shown to cause a great effect on the electrochemical 
result. In one of the occasion, the coating was suspected 
of having damage as the sharp-toothed edge of the saw
accidentally touched the coating surface. Although the
damage on the coating surface could not be seen with the
naked eye, the electrochemical behaviour of the coating was 
greatly affected by it, as shown in Fig. 5.11.
In another occasion, a coated sample was further tested by 
polarizing the sample in reverse direction i.e, from anodic 
to cathodic direction. As can be seen in Fig. 5.12 the
polarization curve has shown similar form, but slightly 
higher current; an observation which confirms that the 
coating is of good quality passive film.
So far we have demonstrated that the mixed oxide film of 
Cr(III) and Fe(II) produced by MBSCF has the required 
properties of the barrier film to be used in solving 
interfacial problems discussed in Chapter 2. However, one
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Fig. 5.11 Polarization curve for the microdamaged coating.
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Fig. 5.12 Polarization curve for the coated Cu-substrate 
Showing the reverse scan behaviour.
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question is still unanswered, the crystallographic 
structure of the deposited film. This will he discussed in 
the following section.
S-4 Crystal Unity of the Mixed Oxide Film of CrCIIIl and 
FeCIIl — Angle—resolved Photoelectron Spectroscopy 
CX-ray Photoelectron Diffraction)
5*4.1 Introduction
Traditionally, the crystallinty of materials is studied by 
using X-ray crystallographlc technique. As mentioned in 
Section 3.4* this technique cannot be applied to a very
thin film of < 10 nm, as the case in this investigation.
Thus an attempt was made to use X-ray photoelectron
diffraction (XPD) technique (also called angle-resolved 
photoelectron spectroscopy) to extract crystallographlc 
information from the mixed oxide film. The subject of XPD 
was briefly discussed in Chapter 3.
S- 4. 2 Experimental
5.4.2*1 Deposition of the mixed oxide Film Onto a Single 
Crystal Si-substrate
Before XPD investigation on the thin mixed oxide film could 
be carried—out, the film should be first deposited onto the
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Single crystal substrate. In this study silicon (001) 
single crystal was used.
A mirror polished (by the manufacturer) single crystal 
silicon wafer was cut in the departmental workshop to give 
rectangular samples (substrates) of ca. 9 mm x 18 mm. This 
dimension is suitable to be attached to the similar 
Cu-substrate shown in Fig. 4.1. by using metal clips. It 
should also be mentioned here that the Si-substrate could 
not be attached directly to the probe, as it was easily 
broken when bolted.
The samples (Si-substrate) were ultrasonically cleaned in 
methanol to remove particles and dirt which might stick on 
their surfaces during cutting. They were dried in stream 
of cold air before attached to the Cu-substrate which was 
bolted to the probe. Thus heating for the Si-substrate was 
given by the Cu-substrate.
The surface of the single crystal Sl-wafer exposed to air 
is usually covered with layers of amorphous SiO^. These 
SiOg layers were removed first by argon ion etching before 
the deposition was carried out. The removal of SiO^ . and 
the cleanliness of the surface was assessed by XPS.
After SiO^ layers were removed, the deposition of the mixed 
oxide film of Cr(111) and Fe(II) was carried-out in the
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manner described in Section 4,2.8. Since the sharp
observable photoelectron diffraction patterns arise mostly
from the top few atomic layers , only two and half cycles
of depositions were carried-out (see section 4.1 for the
definition of one cycle deposition of mixed oxide film).
The last half cycle was the deposition of CrCl^ followed by
H 0 beam, z
S. 4. 2. 2 Angular Studies
The XPD experiments were performed at fixed photon energy 
as a function of polar angle O (take-off angle). The (001) 
plane was parallel to the axis of rotation. It should be 
noted here that this is the only mode in which XPD can be 
performed using the VG ESCA3 MKII spectrometer. The 
measurements were carried-out for 35^ < 6- < 70*^  at interval 
of 5*^  . The photoemissions of Si2p, 01s, Cr2p and Fe2p 
were measured. To produce XPD patterns, the peak area for 
each peak was plotted as a function of take-off angle,
By comparing the XPD patterns from the elements in the 
mixed oxide film and underlying single crystal, it was 
possible to tell the crystal 1inity of the deposited mixed 
oxide film.
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5.4.3 Results and Discussion
The unetched sample showed clearly the formation of SiO^
film on the single crystal Si-wafer surface (Fig. 5.13a), 
which could be removed by argon ion etching (Fig. 5.13b). 
A small CIs contaminant peak was observed. However, such
contaminant, which could not be removed completely, does
not have any seriously deleterious effect on the results 
C1603.
XPD patterns for the Si-substrate and the mixed oxide layer 
are shown in Fig, 5.14. The positions of the expected
photoelectron diffraction for the Si single crystal at 55° 
can easily be seen.
At # = 55° all elements in the mixed oxide film follow the 
Similar XPD pattern of that from Si-substrate. This 
suggests that during deposition, the surface chemical
reaction has placed Cr, Fe and 0 atoms in alignment with
the Si-substrate atoms. In other words the growth of the 
mixed oxide film of Cr(III) and Fe(II) onto the single 
crystal Si-substrate is epitaxial.
The increase in from 55° to 70°, was followed by the
decrease in Cr, Fe and 0 -signals. On the other hand.
Si-signal increased steadily with ». The reason for this
effect is simply due to the surface sensitivity enhancement
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Fig. 5.13 Si2p spectra showing the removal of Si02 
layers by argon ion etching.
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Fig. 5.14 XPD patterns for the Si-substrate and the 
mixed oxide layers.
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by variation of the electron take-off angle C1473. 
Unfortunately the next order of XPD after & = 55^ could not 
be seen since it was out of the range of the measured
Since the film is grown epitaxially, thus it has a 
crystalline or non-glassy structure. This is out of accord 
with the structure of the passive films on stainless steels 
produced by electrochemical process which are known to be 
amorphous C703. However it should also be mentioned here 
that the substrate material influences the structure of the 
deposited film. Thus, under certain conditions an 
amorphous substrate may cause the deposited film to be 
amorphous, as commonly observed in the deposition of 
electronic materials. As far as the invented method is 
concerned, the effect of substrate material on the 
structure of the deposited mixed oxide film would certainly 
be one of the interesting subjects for future works.
The in sitv. deposition carried out in this work has 
produced clean and fresh films of chlorides and been able 
to eliminate the problem of surface deterioration. Having 
this, the opportunity was taken to investigate the 
development of the satellite structure on the 2p peaks in 
the photoelectron spectra of the 3d transition metal(II) 
chlorides, over the whole range from CrCl^ to ZnCl^. New
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or increased detail of the 2p photoelectron satellite lines 
has been obtained in the course of this work , and will be 
presented in the next chapter.
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6 SATELLITE STRUCTURE IN THE PHOTOELECTRON SPECTRA OF 3d 
TRANSITION METAL CHLORIDES
6.1 Introduction
The satellite structure on the 2p peaks in the 
photoelectron spectra of the 3d transition metal compounds 
has long been known and has been the subject of many 
experimental and theoretical studies. The techniques used 
in preparing the samples for these studies have not always 
been able to prevent contamination of the surfaces by the 
atmosphere and thus the surface did not always reflect the 
bulk composition. The chlorides of these metals are very
easily hydrolysed and hence the problem for these is
particularly acute. In this work an i n  s i t u  technique has 
been used to prepare the chlorides and thus has eliminated 
the problem of surface deterioration. We are, thus able to 
report on the development of satellite structure on the 
divalent chlorides over the whole range from C r (II)chloride
to 2 n (11)chloride from samples with very well defined
stoichiometry,
6.2 Experimental and Data Analysis
6. 2.1 Sample Preparation
Using a K-celi, solid films of the 3d transition metal 
chlorides were deposited onto a copper substrate which is 
clamped to the sample holder of an XPS spectrometer (for
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Cu(II) chloride an Al~substrate was used). The in situ. 
deposition was carried-out by attaching the K-cell to the 
preparation chamber of the spectrometer in the same manner 
described in Chapter 4. During deposition the base vacuum 
was 5 to 7x10  ^ Torr. All the chlorides used were 
anhydrous and thus were loaded into the K-cell*s graphite 
crucible under high purity argon gas. The procedure of 
loading is described in Appendix I.
6.2.2 X - r a y  Photoelectron Spectroscopy
XPS spectra were recorded using HgKa radiation (ho = 1253,6 
eV) in an ESCA 3 MKII spectrometer (VG Scientific Ltd, UK), 
During data acquisition the base vacuum of the analyser 
chamber was better than 10”^  Torr, The analyser was 
operated at a constant pass energy of 20 eV and a slit 
width of 2mm, With this setting, one hundred and fifty 
scans were carried out for all the elements of interest in 
order to have a statistically good spectrum, and this 
required an overnight run. The binding energies (BE) in 
the figures are not corrected for surface charging. 
Sensitivity factors determined by Jorgensen and Berthou 
[154] were used for quantification of the spectra since 
they are of the same value for our ESCA 3, A correction 
factor as described in Chapter 4 was applied.
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6.2.3 Curve Fitting of MetalCII)Chlorides 2p Peaks and 
Their Satellite Peaks 
The 2p peaks of metal(11)chlorides spectra have been 
reported [143, 177, 178], but so far the detail analyses of
the peaks and.their satellite have not been carried-out
yet. Furthermore, as far as we know no spectral 
information exists for C r (II)chloride. The experimental 
study on Cr(II)halide, CrF^, has been mentioned by Wallbank 
[1773, but the spectra was not reported. Thus an attempt
was made to carry out detail analysis of the spectra by
using a curve fitting routine on the PRIME called GAMET. 
The routine is capable of synthesizing the acquired 
spectrum into peaks with different positions, intensities, 
widths, and shapes. The synthetic peak contains a mixture 
of Gaussian and Lorentzian components (besides a Lorentzian 
lifetime broadening, a Gaussian broadening is included in 
order to mimic instrumental broadening) to which has been 
added an energy background using the shirley algorithm and 
the  ^ X-ray satellite, also with its background.
For HnCl , FeCl , CoCl and NiCl 2p spectra the curve 2 2 2 2
fitting was carried-out for an energy range which covers 
the 2Pg^2 peak and its satellites. However for CrCl^ 2p 
spectrum a larger energy range was required since the 
satellite for 2p peak was found hidden under the 2p3/2 ^ ^1/2
envelope. This will be discussed in detail as follows.
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In this section we discuss how the singlet peaks were 
assigned in the curve fitting of Cr(11)chloride spectrum. 
Our understanding about C r (11 )chloride spectrum was 
generated from previous experience in the curve fitting of 
Cr(III) oxide spectrum.
The curve fitting of 2p spectrum of Cr(III)oxide was 
started by adopting a commonly found approach to peak 
fitting i.e. minimizing the number of peaks without loosing 
the quality of fit. Statistically the fit is excellent as 
can be seen in Fig, 6,3a. However, from chemistry point of 
view the peak area ratio of Cr2p to Cr2p does not3/2 ^1/2
seem right; it is smaller then the 2/1 expected from these 
two peaks and the 2p^^^ peak is broader (higher FWHM) than 
it should be, as can be seen in Table 6, t. The answer to 
this problem was found as follows.
In their XPS studies of CrO^ and some related Cr-compounds, 
Ikemoto et.ai. C 1803 have attributed the easily observed 
extra peak (Fig,6,3) in the Cr2p spectra of CrO^, Cr^O^ and 
CrOOH to the one accompanying Cr2p^^^ , because the
corresponding peak accompanying Cr2p^^^ is likely to be 
hidden under Cr2p^^^ peak. Thus another two peaks were 
added to the curve fitting; the satellites of 2p and of^3/2
its 2p^^^ partner, which requires a greater energy range 
i.e. more data points. Inclusion of this has given us a 
fit as shown in Fig, 6.3b, The spectral parameters of this
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fit is shown in Table 6.1. The quality of the fit, as
measured by the Chi square value which is sensitive to the
number of points, remains good (in fact even better) and
peaks of the same group can be given the same FWHM without
distorting the results. However the peak ratio now swings
to a value of greater than 2/1. The satellite of the 2p^1/2
peak, located at 597.1 eV, has a form which is closer to a 
step than to a peak. The accommodation of this satellite 
requires an unusually high background rise. Varying the 
parameters related to the background seems unable to 
eliminate this step in the background. Further study on 
the Cr metal peak over this energy range shows that the 
step is a feature of oxide and is thus either a very broad 
satellite or a discrete energy loss associated with the 
insulating nature of oxide C1813.
Turning again to the problem of fitting the CrCl^ peaks, it 
can be seen that the 2p^^^ peak shows clear evidence of 
shoulder or asymmetry at the higher binding energy side, 
suggesting that the peak is composed of- two overlapped 
components. Care was taken to establish that this was not 
due to contamination with Cr(III) as a decomposition 
product: the sample was re-evaporated on three separate 
occasions and each case the CCrl/CCl] ratio was close to 
the expected value of 0,50, Thus another two peaks were 
assigned to the curve fitting; each inside the envelope of 
Cr2p^^^ and its partner Cr2p^^^. Besides these six peaks
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already assigned, another two peaks were included to take 
into account a small rise at BE _ 583,5 eV and the energy 
loss feature at BE _ 598.5 eV. Thus A total of eight peaks 
were assigned to the curve fitting; a maximum number of 
peaks allowed in the present routine. It should be
mentioned here that an effort is undertaken in this 
laboratory to establish a curve fitting routine capable of 
accommodating more than eight peaks. The result of this
curve fitting is shown in Figs, 6.8a.
The elements following Cr, Mn to Ni, had clear “shake up" 
satellites after the 2p^^^ peak and these require two 
components. Thus for these elements only the 2p^^^ peak 
and satellite were fitted. The results of these curve 
fittings are given in Figs. 8.8b to 6,8e and the data are
tabulated in Table 6.2. Neither copper chloride nor zinc
chloride showed satellites and these were not fitted. The 
spectra are given in Figs. 6.10 and 6,11 respectively.
6* 3 Results and Discussion
6.3*1 The deposition of the Chlorides Films
All the deposited chlorides (except Cu(II)chloride, which 
will be discussed later) show no decomposition or chemical 
change, to judge from the ratio of metallic ion to chloride 
concentration which is in a good agreement with the correct 
value of 0.50 (Table 6,2). The films are clean and in
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particular are oxide free. For comparison, we have 
referred to the recent work by J. Zaanen et.a.1. C 1463 on 
nickel dihalides. In their work, the materials (including 
NiCl^) were heated to 500° in vacuum for a period of 2 days 
to remove the water. Measurement were done on both 
sublimed thin films prepared /n sitn and powder prepared in 
glove box attached to the spectrometer. For both methods 
they observed "the always-present 01s line due to some 
water remaining in the samples". In this connection there 
is a remarkable contrast between their work and the present 
work. In the present work the problem of oxygen 
contamination has completely been eliminated; as can be 
seen in Fig. 6.1. The wide scan spectrum of NiCl^ in Fig.
6.1 shows no 01s peak and only small CIs peak is observed. 
The corresponding C12p peak is shown in Fig. 6,2.
6*3*2 The 2p Spectra of Divalent Chlorides
As can be seen in Fig. 8.4, in general the 2p spectra of 
the chlorides of transition metals obtained resemble the 
features reported in the literature. The spectral
parameters for these chlorides from Cr^^ to Ni^* (produced 
by curve fitting) are listed in Tables 6,2 and 6,3. Both 
^^3/2 ^^1/2 components of Mn^^ to Ni^^ are accompanied
by intense satellites on the higher binding energy side. 
There is a systematic change in the satellite’s shape which 
become more asymmetric as we go from Mn to Co. This
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asymmetric phenomenon suggests that the satellite peak is 
composed of two overlapped peaks. The peak is eventually
resolved into two peaks as we reach Ni,
It should also be noted here that the magnitude of the 
spin-orbit splitting between Zp^^^ and 2p^^^ peaks,
AE(SOS), decreases with the decrease of the number of 3d
electrons, as can be seen from Fig. 6.5. A large 
difference between the and 2p^^^ spectra is also
observed. Taking the 2p XPS spectra of NlBr^ as an 
example, Zaanen and Sawatzky C 1793 have shown that this 
difference is due to the near-threshold Coster-Kronig decay
of the 2p hole.1/2
As can be seen from the curve fitting results presented in 
Figs, 6.8a - 6,8e, the asymmetry of the 2p^^^ peak is shown 
to be the result of the two overlapping peaks. The one at 
the higher binding energy side (marked " MS " ) can in fact 
be traced through the series as far as cobalt after which 
it becomes insignificant. This is in accord with the 
calculation by Gupta and Sen C 1483 on multiplet structure 
of core p-vacancy levels in the Hartree-Fock free ion 
approximation. They predict a large number of final states 
for a 2p vacancy, which will broaden the two main 2p lines 
asymmetrically and raise the background between them. 
Without ruling out multiplet structure as the origin of 
these asymmetric peak shapes Park et.ai C 1403 have shown
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that the ligand band effect can also give a dominant 
contribution to the asymmetry of the peaks.
All chlorides from Mn through Ni show the satellite peaks
at AE(I) of 3.9 - 5.5 eV for satellite I and AE(II) of 5.7
- 8.8 eV for satellite II, as can be seen in Table 8.2.
The satellite excitation energies, AE(I) and AE(II), vary 
with the number of 3d electrons as can be seen in Fig. 8.8.
Wallbank et.ai. C1773 quoted AE(I) and AE(II) for NiCl^ as
5.4 eV and 8,5 eV respectively. The values of 5.8 eV and
9.1 eV were reported by Okusawa [1783. The recent values
reported by Zaanen et.ai. [1483 were AE(I) = 5.5 eV and
AE(II) = 9 . 0  eV. In the present work these values were 
found as AE(I) = 5.5 eV and AE(II) = 8.8 eV, showing a good 
agreement with the values in the literature.
For MnCl^, FeCl^ and CoCl^, we compared our results with
those reported by Park. et.ai. [1403, which were obtained
by decomposition of the experimental 2p^^^ spectra into a 
sum of two or three Lorentzians ( see Tables 6.2 and 6.3 ). Park, 
et.ai. C1403 reported that the Mn2p^^^ satellite peak is 
singlet. In contrast with their work, in the present work 
it was shown that the Mn2p satellite peak could be3/2
fitted with two singlets; as the rest of the satellite
peaks through the series. From Tables 6.2 and 6.3 it seems that ls,/lm 
andAE(l) for C0 CI2 are the only parameters showing a good
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agreement. It should be mentioned here that the previous 
data reported in the literature [143,177] did not consider 
the asymmetrical aspect of the peaks; the satellite and the 
main peaks were considered as singlets, and thus the direct 
comparison cannot be made.
We also observed that the intensity of the multiplet 
splitting satellite, MS, decreases with the increase of the 
number of 3d electrons. On the other hand, the total
intensity of the "shake-up" satellite, SAT, increases 
through the series as far as Co after which it decreases, 
as we reach Mi. This observation is presented in Fig, 6.7,
Looking at the models proposed so far for the origin of the 
satellite structure in the 2p core-level XPS spectra of 3d 
transition metal compounds, it seems that the charge
transfer model of Larsson [1443 and Sawatzky [145,1463
which takes into accounts the core-hole~3d-electron coulomb 
attraction in the final state, seems to be the most 
suitable model for chlorides from Mn to Ni, Unfortunately 
this model cannot explain the satellites for Cr2p ,3/2
Satl, which is allocated 12.4 eV away from the main line 
(hidden beneath the 2p^^^ peak). This energy separation is 
too big to be explained by the charge transfer model with 
reasonable parameters [1403. There seems to be different 
mechanisms that give rise to satellite structures of CrCl^ 
2p XPS spectra. In this respect it may be worthwhile to
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consider the exciton satellite mechanism proposed by Boer 
et.ai, [182], which dominates over the charge transfer
satellite for the case where the charge transfer energy A 
is large, the core~hole-d-electron Coulomb attraction 
energy Q is small, and there are many empty 3d orbitals. 
They presented a model in which the polarization of the 
ligand is responsible for the screening of the core hole on 
the cat ion. The conditions for which the corresponding 
satellite state (which has an electron-hole pair on the 
ligand) is a sharp bound state (exciton) were discussed.
They concluded that if the exciton bandwidth is expected to 
be large, the bound state does not exist for most values of 
the wave vector of the electron-hole pair, and instead of a 
distinct, exciton peak, mainly a broad shake-off satellite 
is seen. In the CrCl^, the exciton band is narrow because 
of screening by electrons transferred to the many empty 3d 
levels. As a result exciton peaks are observed. The
exciton satellite mechanism has correctly predicted the 
separation energy for the 2p satellite in CrCl^-
6,3.3 Fit Quality at Lower Binding Energy Side of the Main 
Peaks
From the result presented in the Figs. 6.8a - 6.Be it may 
also be noticed that the fit quality at the lower binding 
energy side of the 2p^ main peak is poor especially in 
the case of NiCI^. This observation can in fact be traced
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through the series; hardly noticeable in CrCl^ and 
progressively significant as we reach NiCl^, At this 
stage, the only explanation that can be given regarding 
this observation is that it might represent an energy-gain 
process experienced by the photoelectron. Looking through 
the series, it seems this energy-gain process is somehow 
related to the behaviour of the satellites. Certainly this 
is another interesting problem to be investigated in 
future,
6.3,4 Results From CuCl and ZnCl2 2
In the cases of CrCl to NiCl , it was found that the2 2
evaporation of the chlorides by using K-cell could produce 
clean films which show no evidence of decomposition or 
chemical changes. The evaporation of CuCl^ has also 
produced very clean and oxide free film, as can be seen 
from the wide scan spectrum in Fig.6.9. However, life is 
not all that simple since our attempts to evaporate CuCl^ 
did not produce CuCl^ films, instead CuCl films were 
produced; as judged from the ratio of the metallic ion to 
chloride concentration, which is in a good agreement with 
the correct value of 1.0. The reduction of cupric compound 
by X-ray was observed by Frost. at. ai. C. 1833. The 
existence of the satellite in the 2p spectrum of CrCl^ has 
been agreed by many workers [1453. Thus the absence of the 
satellite in our sample , even after the first scan,
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suggests that the reduction has already occurred before the
exposure to the X-ray. It is believed that the heat of the
K-cell’s crucible , at which the temperature may reach
450°C , has caused the reduction of CuCl to CuCl. The2
Cu2p spectrum of this sample is shown in Fig.6.10,
The Zn2p spectrum is shown in Fig. 6.11. It was confirmed 
that Zn^* is isoe lectron ic with Cu^ ( 3d^ "^  ) C1843. Since
there are no orbital channels open for charge transfer into 
3d upon photo ionization, neither the 2p spectrum of CuCl 
nor the 2p spectrum of ZnCl^ show strong satellite.
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Table 6.1 Spectral parameters of the fit shown 
in Fig, 6.3
Spectrum 6.3a : Cr2p fitted with tw) peaks
Cr2p3/2 Cr2pi/2
Binding energy: 577.0 586.8
Width : 3.20 3.64
Area(XlOOO) : 320.47 196.36
% Area : 62.01 37.99
Spectrum 6.3b : Cr2p fitted with four peaks
Cr2p3/2 Cr2p^y2 Satl Satll
Binding energy: 577.0 586.5 588.1 597.1
Width : 3.18 3.18 3.45 3.45
Area(XlOOO) : 314.46 114.81 44.37 18.68
7o Area : 60.20 27.72 8.50 3.58
Satl, Satll = Satellite peaks as shown in the figure.
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Table 6.3 Spectra parameters (cont.)
Chloride
Peak area ratio
Ms/2p2^ 2 Satl/2p2y2 Satll/2p2^ 2 Satl/SatII SAT/2p^y2
CrCl^ 0.88 0.14 0.14
MnCl^ 0.54 0.15 0.27 0.57 0.42
MnCl* - 0.28 — - 0.28
FeCl^ 0.58 0.33 0.37 0.90 0.70
*FeClg - 0.42 0.03 14.00 0.45
CoCl^ 0.29 0.47 0.28 1.67 0.74
CoCl^ - 0.48 0.01 48.00 0.49
NiCl^ 0.02 0.38 0.14 2.76 0.52
* Ref. (140).
MS = Multiplet splitting
SAT = Total area of Satl + Satll
Satl, Satll
= Satellite peaks as shown in Fig. 6.7a - 7.7e
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Fig. 6.1 Wide scan spectrum of Ni(II)chloride showing the 
cleanliness of the sample.
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Fig. 6,2 The C12p spectrum of Ni(II)chloride.
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Fig. 6.10 Cu2p spectrum of the film prepared by the evaporation of 
CuCl^ using K-cell. It is believed that CuCl^ has been 
reduced to CuCl,
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Fig. 6.11 Zn2p spectrum of ZnCl^ film.
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7 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS
The following conclusions were drawn from. the works
reported in Chapters 4 and 5.
1. The chemisorption temperature of the chloride, the
composition temperature of the chloride to give the
elemental metal and the reaction temperature of the metal
chloride and water beam are substrate dependent.
2. The deposition of a monolayer of FeCl^ onto a 
Cu-substrate can be performed at a substrate temperature of 
between 233^0 and 245^0. The decomposition of FeCl^ to 
give Fe-metal starts at a substrate temperature of about 
250^0. -in the case of CrCl the formation of a monolayer3
occurs at a wider range of temperature; beyond 250^0.
3. Surface chemical reaction between a monolayer of FeCl^
and H^O beam which occurs at a substrate temperature of
between 223*^0 and 245°C does not produce oxide films;
hydroxide films, Fe(OH)^, are produced instead. The
FeiOH) films permit the diffusion of Cu-metal ions from z
the substrate; therefore they are not protective.
4- Fe—metal atoms from the decomposition of FeCl^ do not
react with H 0 beam at a substrate of between 223°C and 2
2bb'“'C, Thus maintaining the substrate temperature such
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that the decomposition of the chloride does not occur 
during the deposition of the film is of great importance.
5. The films deposited onto a Cu-substrate by sequential 
use of CrCI and H 0 beams are composed of a mixture of3 2 ^
Cr 0 (80 - 85 %) and Cr(OH) ( 1 5 - 2 0  %). The surface2 3 3
chemical reaction can be performed at a substrate 
temperature of between 223^0 and 245°C. The films produced 
do not permit the diffusion of Cu-metal ions from the 
substrate, therefore they are protective.
6. XPS analysis on the growth process of the films by
reference to the Cu-signal from the substrate and Cr-signal 
from the films confirms that Cr 0 films are deposited2 3
uniformly onto the substrate.
7. By maintaining a Cu-substrate at a temperature of
between 223*^C and 245^C a mixed oxide film of Cr ( 111 ) and 
Fe(Il) can be grown on an atomic 1ayer-by-layer basis by 
sequential use of CrCl and H O  beams followed by FeCl and^ 3 2 2
H^O beams. This enables the mixed oxide films to be grown 
to any desired thickness.
8. A mixed oxide film of C r ( III ) and Fe(II) can also be
deposited onto a carbon fibre tow; where the substrate is
maintained at a temperature of between 223^C and 245^C 
during the process.
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9. The mixed oxide films produced are capable of 
inhibiting interdiffusion between metallic phases and 
permit the conduction of electrons.
10. The electrochemical investigation confirms the 
continuity and the non-porosity of the mixed films 
produced.
11. The XPD investigation suggests that the growth of the 
mixed film of Cr(III) and Fe(II) onto the single crystal 
Si-substrate is epitaxial. In this case the film has a 
crystalline structure.
From the investigation reported in Chapter 6, the following 
conclusion can be drawn
12. Evaporation of anhydrous chlorides in UHV by using
K-cell can produce clean and, in particular, oxide free
films of CrCl , MnCl , FeCl , CoCl NiCl and ZnCl . The2 2 2 2 2 2
films have very well defined stoichiometry. However the
technique is not suitable for CuCl , since CuCl is reduced 
^ 2 2
to CuCl.
13. Both 2p and 2p components of Mn^^ to Ni^^ are3/2 1/2
accompanied by intense satellites' at the higher binding 
energy side. Satellite of Cr2p is hidden under theJ .  g y g
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Cr2p envelope. CuCl and ZnCl show no strong 2p1/2 2 O JT
satellite peaks.
14. Referring to the models that have been proposed so 
far, the 2p satellites in Mn(Il)- to Ni(II)- Chlorides are 
due to charge transfer mechanism whereas the ones in 
C r (11)chloride are due exciton satellite mechanism.
15. The clear multiplet splitting peaks on the higher
binding energy side of the Cr2p^^^ peak of CrCl^ is a new
spectral feature reported in this work.
16. The curve fitting exercise carried-out in this work 
has revealed the fine structure of the satellite peak in 
the 2p peaks in the photoelectron spectra of the 3d
transition metal chlorides from Hn^^ to Ni^^.
Suggestions for future works.
A method of producing passive barrier films on an atomic 
layer-by-layer basis was demonstrated. In this present
work the substrate was copper and the barrier film was of a 
mixed oxide of Cr(III) and Fe(II). This selection of
materials is not intended to limit the scope of this 
method; thus it is still open for any further
investigations. The following programmes may be carried 
out for future works.
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(i). Production of a mixed oxide film containing
elements other then C r (111) and Fe(Il). Although the 
embodiment described utilizes two K-cells to produce a 
mixed oxide film containing two metal elements, a more 
complex oxide film may be provided on a substrate
using an increased number of K-cells.
(ii). The investigation of the properties of the 
barrier film produced. These include the kinetic of 
the growth of the film, its physical, mechanical, 
electronic and chemical properties, which are desired 
for the production of advanced materials.
The effect of the barrier film on the interface 
between the fibre and the matrix will certainly be one 
of the important aspect for investigation. In a
mechanical sense, interface must be capable of 
transferring stresses from the matrix to the fibres.
Thus, it must have good shear properties. In a
chemical sense, it must possess satisfactory adhesive
properties which are dependent on the degree of
wettabi1ity.
(iii). The application of the barrier film produced 
in the production of the advanced material, for 
example MMCs. The central feature of the processing 
required for the advanced materials is that the
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substrate is likely to be moving. Thus the
application of the MBR should facilitate the 
deposition of the barrier films onto continuous 
lengths of moving substrates, e.^, fibre tows or sheet 
materials.
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Appendix 1
Procedure of Loading Anhydrous Compounds Into the Crucible
of the K-cell.
For the benefit of the reader, the abovementioned procedure
is described below.
1. Loosen and remove three screws A,B,and C on the top of 
the K-cell (Fig. AX.la). This enables us to detach the 
cap which carries the shutter and the final aperture of 
the K-cell (See also Fig. 4.5),
2. Push the graphite crucible (G) upward from the bottom H
gently, until the top part of the crucible can be seen. 
The top part of the graphite crucible is a cap which
carries an aperture (second aperture, as shown in Fig.
4.5), In the new version of the same K-cell, the first 
and the second apertures are coupled, which makes the 
system simpler. Using a scalpel detach the cap from 
the crucible gently,
3. Mow the K-cell is ready for loading. For anhydrous 
compounds the loading should be carried-out in the 
argon atmosphere using glove box (or glove bag) which 
can be attached to the preparation chamber of the
spectrometer. Load the compound into the graphite
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crucible by using a small glass funnel as shown in fig. 
AI.Ic. After the loading replace the cap of the 
graphite (F) followed by the cap of the K-cell (I) ) , 
Tighten the screws A, B ,C and close the shutter. Mow 
the loaded K-cell is ready to be attached to the port 
of the preparation chamber.
Note:
As mentioned in Chapter 4, before loading the K-cell should 
be cleaned and outgassed in the preparation chamber of the 
spectrometer. In the present work outgassing for 5 hours 
at temperature of about 700°C seems to be adequate, though 
ideally it should be outgassed for 24 hours at lOOO^C, as 
suggested by the manufacture.
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^ ------ D
L B \  rBtll 0 M  [-- E— S ----  E /
Top view of the K-cell ^ ■.n
(a)
(c)
(b)
AjBjC = Screw
D = Cap of the K-cell 
E = Shutter 
F = Grahpite crucible 
cap
G = Graphite crucible 
I = A small glass funnel 
J = Metal chloride
(anhydrous compound 
used In this work)
Fig. AI.l Loading anhydrous compound into the 
crucible of the K-cell.
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APPENDIX 2
The calculation of the term X in Equation C4.71 
In Equation (4.7), the term X is defined as
d/XCEMsin^ -d/X(E)sin9 , , ao i •~ Ts 1 ® 1 - e 1 (A2, 1,1
cu L ’ ]
The inelastic mean free path, X, is calculated using 
empirical relationship by Seah and Dench [See Eq. (4.6)3,as 
fo1 lows [ 1643.
a'^ "^  E (A2.2)
A = atomic weight, of Cr 0^  2 3
= 151.98
p - bulk density of Cr 0 in kg m ^2 3 ^
= 5.21 X 10^ kg m  ^
n - number of atoms in the. molecule 
= 5  (2 Cr atoms + 3 0  atoms)
N = Avogadro's number
= 0.60221 X 10^^
E = hw (MgK ) - BE(C r )“ o(
= 1253.6 - 576.4 eV 
= 677.2 eV
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E ’= ) - BE(Cu)“ ot
= 1253.6 - 932.6 eV
= 321.0 eV
lOf* A i c f *  X  151.99a = 5.21 X 10  ^ kg m  ^ X 5 X 0.80221 x 10^*
= 9.688562 x 10~^
X can now be calculated using Eq. (A2.2)
X(E) = 0,72 j^ {0.688562 x lO"^ )^ '"^  (677.2)1 monolayers
= 8.65 monolayers (A2.3)[ - 1 I / 2(9.688562 x 10^)^^^ (321.0) monolayers
= 5.96 monolayers (A2.4)
From Eq. (A2.3) and Eq. (A2.4) above we have 
1 1X(E) Sine 8.65 sin 45 0.1635
= 0.2373X(E') Sine 5.96 Sin 45°
Using the sensitivity factors measured in this laboratory 
(see Table 3.2) we have 
CS 3/CS 1 = 1- 1/3C r  C u
In calculating X, d should be expressed in a term so that 
exponential term is dimens ion less. Thus d is taken as the 
number of atomic layers produced after the reaction, i.e.
d = L X k
where L is the number of atomic layers per reaction and K 
is the number of reactions. In this case, one reaction (R 
= 1) is defined as deposition by sequential use of CrCl^ 
and H^O. The number of react ions, E, that had been analysed.
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by XPS were 0,1,5,7 and 8. We assign L values (L = 1,2 and
3 ) to give d, so that X can be calculated as follows.
From the previous calculation
d/X(E')s i nO 0. p = e = e
we have 
2373d
q = 1 -d/X(E)sine " © — 1 - e-0' 1635d
X = CS 3/CS ] 1 pqC r  C u  J ^ = (1.1/3) pq
Thus X can be tabulated as follows.
Table A2, 1
d p = eO-2373d ,q = 1 - -0.1635de X = ( 1. 1/3)pq
0 1 0 0
1 1.2678 0.1508 0.0701 0.07
2 1.6073 0.2789 0.1643 = 0. 16
3 2.0379 0.3876 0.2896 0.29
5 3.2756 0.5585 0.6708 0. 67
7 5.2651 0.6816 1.3159 = 1. 32
8 6.6752 0.7296 1.7857 1. 79
10 10.730 0.8050 3. 1671 3. 17
14 27.721 0.8986 9.1336 9. 13
15 35. 146 0.9139 11.777 11.78
18 44.558 0.9269 15.144 15. 14
21 145.96 0.9677 51 .790 51.79
24 297.44 0.9802 106.90 — 106.9
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Now we can make a comparison between the calculated values, 
X, and the experimental values, Y; where Y = (Peak area of 
Cr2p )/(Peak area of Cu2p ).
Table A2.2
Number of reactions,P X YL = 1 L = 2 L = 3
0 0 0 0 0(d = 0) ( d = 0 ) (d = 0)
1 0. 07 0. 16 0.29 0.07( d = 1 ) ( d = 2 ) ( d = 3 )
5 0. 67 3. 17 11.80 4.08( d = 5 ) ( d = 10 ) ( d = 15 )
7 1. 32 9.13 51. 79 9.05(d = 7) (d = 14) Cd = 21)
8 1. 78 15. 14 106.90 16. 15( d = 8 ) (d = 16) (d = 24)
From Table A2.2 above, it is clear that the number of 
layers per reaction, L = 2, is the most likely case.
Theoretically the plot of Y versus X should be a straight 
line passing through the origin with a slope equal to one,
i.e. Y = X. The experimental line is obtained as follows.
Statistically, the best straight line is the line of 
regression of Y on X; given by
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Y - <Y> = — — l & y ) . (X - <x>) (A2.5)
X
where
V  Y YCov(X,Y) = - < X X Y > (A2.6)
S Z XX n
From Table A2.2 we have
(A2,7)
Y X (L = 2)
0 0
0.07 0. 16
4. 08 3. 17
9. 05 9. 14
16. 15 15. 14
n = 5 <X> = 5,52
<Y> = 5.85 ZX = 27.60
ZY = 29.25 ZX^ - 322,65) ZXY = 340,0823
ZY' 359.3763
From the above data we have
Cov(X,Y) = — — . - (5.52)(5.85)
= 35.7245 
,2 322. 65 1X 5
= 34.0598
5
> SX 5,8484
From Eq. (A2.5) the line of regression of Y on X is
7 9 4 RY - 5.85 = g'f ' (X - 5.52)
or
34,0588 
Y = 1.0489 X 0.0602
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i.e. Y = 1.05 X - 0.06
The Coefficient of correlation is given by
Cov(X,Y)r =
[ V ]
359.3763 5 29. 25 5
2
= 37.6528 — > S = 6.1362
_ 35.7245 =(5.8484)(6,1362) '
A good correlation is obtained, implies that the (X,Y) 
points lie close to a straight line with positive gradient.
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Appendix 3
The Thermodynamical Analysis of Establishing Approximate 
Operating Conditions of the K-cell for Chloride Deposition
We first consider a K-cell with an ideal orifice. The
ideal orifice is a small hole located in an inf initesimally
thin sheet, and the non-ideal orifice is a hole located in
a thick sheet so that there is an orifice wall C105D. For 
a true K-cell, that means a cell which contains condensed 
phase and vapour at equlibrium and in which the effusion
aperture is an ideal orifice, the number of molecules
incident on a unit area of the substrate per second can be 
calculated from C1053
1^  = 1.11 X 10f= A p(T) r"^ cosf? (A3.1)
in units of molecules cm  ^ s where
A = area of the orifice of the K-cell (in cm ^ ) 
p(T) = equilibrium vapour pressure in the cell ( in Torr ) 
at a given absolute temperature T 
r = the distance between the orifice and the the
geometric centre of the substrate (in cm) 
fj = molecular weight of the species impinging on the 
substrate, and 
f3 ~ the angle between the surface normal of the 
substrate and the longitudinal axis of the cell; 
see Figs. A3.1 and A3.2
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We now consider all the terms stated in Eq. (A3, i) 
A =77 =77 (d/2)^
_22 1^1. 5 X 10 *cmj7
= 1.77 X 10 ^ cm^, where d is the diameter of the orifice
r = 10 cm (to give a molecular beam of ca. 1cm in diameter)
(-À = molecular weight of FeCl^
= 127
In the present work, the K-cell was positioned axially with 
reference to the position of the substrate, as shown in 
Fig. A3. 1; cos(3 = cosO* = 1,
I can now be expressed as
= 1.11 X  icfz X  1.77 X  10  ^ p(T) 10  ^ X  127 Ï 
= 1.743 X  10*^ (A3. 2)
Correction For a Non—ideal Orifice*
In practice the K-cell has a non-ideal orifice i.e. the 
hole is located in a thick sheet and thus the effect of 
orifice wall has to be taken into consideration. According 
to Clausing theory C1053, for non-ideal orifice Eq. (A3.2) 
should be multiplied by a correction factor W called thect
orifice transmission factor, which depends only on the 
geometry of the orifice, i.e.
I = 1.743 X  10^" W p(T) (A3. 3)s a.
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For straight tubular orifice of length and diameter d, 
the values of W are given in the Table A3. 1 below.
Table A3.1 Orifice transmission factor W for straightCttubular orifices with various dimension C1053
L /dO wct L /do Wct
0 1.0000 0.75 0.5810
0. 1 0.9092 1. 00 0.5136
0.2 0.8341 1.50 0.4205
0.4 0.7177 2.00 0.3589
0.5 0.6720 4. 00 0.2316
For the K-cell used in the present work, L^/d = (2.5 mm ) /
(1.5mm) S 1.66. To find the value of W for L /dC t  O = 1.66,
W is plotted against L /d,ct o as shown in Fig. A3. 3. From
the plot we obtained W 0. 4
For F e d  , Eq. (A3.3) can now be written as 2
I = 1,743 X  10^ "^  X 0.4 X  p(T) T
= 6.972 X 10^ *^  p(T) T * (A3.4)
For CrC 1^ , p; = 157.5 and I^ is given by
I = 6.262 X  lO'^ '^ p(T) T (A3.5)
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From Eqs* (A3.4) and (A3.5), can only be calculated if 
p(T) and T are known. p(T) at different temperatures can 
be calculated from the formula below [185]
log p(T) = + B + C logT + lO'^CDT) Torr (A3,6)
where
A = -9,890, B = 11.10, C = 0, D = 0  for feCl ( T = 670 to 
740 K); and A = -13,950, B = 17.49, C = -0,73, D = 0.77 for 
CrCl ( T = 298 to s.p)3 ^
Using Eqs. (A3.4), (A3.5) and (A3.6), p(T), p ( T ) and
together with are calculated. Their values are
tabulated as follows:-
Table A3.2 T, p(T), p(T5T for FeCl 2
T/K p(T) X 10“'* /Torr p(T) T“*^= 10“  ^/Torr K
1 10*^
.'■molecules cm s“*
670 2. 18 0, 84 0.59
680 3, 63 1.39 0. 97
690 5. 89 2. 24 1.56
700 9. 33 3. 53 2.46
710 14. 81 5.56 3.88
720 23.11 8.61 6.00
730 35.65 13. 19 9.20
740 54.34 19.99 13, 94
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Table A3.3 T, p(T), p(T)T and I rs CrCl 3
T/K p(T) X 10"'* / Torr
pCT)T“*'''^ IQ-
/Torr K
I 10*^s
molecules cm s
760 2.77 1. 00 0. 62
770 4. 88 1. 69 1.06
780 8.50 3. 04 1.90
790 12.78 4.55 2.85
800 20. 65 7.30 4.58
810 33. 36 11.72 7.34
815 41.44 14.52 9. 09
820 52.87 18.39 11.52
830 81.28 28. 20 17.66
840 125.37 43.26 27. 09
Note
It should be mentioned here thd,t the ma,in body of the 
K~cell aiso inf liiences the effns ion e<?na tions CA3,4l> and 
CA3,S), Hoi/ever this factor is not considered here. For 
discussion paper by Motzfeidt C286J can fee consul ted.
Estimated Operating Condition of the K—cell for the 
Evaporation of FeCl^
From Table A3.2, we can see t-hat if the temperature of the 
crucible T is about 730 K (457^C), then the number of FeCl 2
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molecules incident on a unit area of the substrate in e . ^  
t = 2 min. (120 sec.)
= I t = 9.20 X 10*^  X 120 molecules cm ^
IS -2= 1. 104 X 10 molecules cm 
= 10*^ molecules cm  ^,
It can easily be seen that one monolayer coverage of FeCl^ 
on the Cu-substrate area of 1 cm^ requires = 10*"^
molecules. Hence by operating K-cell at T 730 K (457°C) 
an exposure of > 2 min. (120 sec.) is required to produce 
one monolayer coverage of FeCl^ on the Cu-substrate area of 
1 cm^; with the assumption that the sticking coefficient is 
unity. Obviously if shorter exposure time is needed then 
the operating temperature should be increased up to certain 
limit where beyond that the decomposition of the compound 
might occur.
Estimated Operating Condition of the K-cell for the 
Evaporation of CrCl
In the case of CrCl^, if the K-cell is operated at T _ 815K 
(542°C); see Table A3.3, then the number of CrCl^ molecules 
incident on a unit area of the substrate in e.g. t = 2 min, 
(120 sec. )
= I t = 9.09 X 10*^ X 120 molecules cm ^s
= 1.09 X 10*^ molecules cm ^
” 10*"^  molecules cm ^
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By assuming that sticking coefficient is unity, one 
monolayer coverage of CrCl^ on the Cu-substrate area of 1 
cm^ needs K-cell to be operated at T _ 815 K (542°C) and 
an exposure of > 2 min. (120 sec,).
Remark
From the above analysis it is clear that the evaporation of 
CrClg using K-cell needs higher power than FeCl^. The data 
obtained in this analysis were used as a rough guidance in 
operating K-cell.
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Substrate
K-cell
Chloride
Substrate
K-cell
Chloride
Fig. A3.1 K-cell mounted in the 
deposition chamber 
axially.
Fig. A3.2 K-cell mounted .in
the deposition chamber 
non-axially.
Scale :
X-axis: 2cm = 1 unit
Y-axis: 1cm =0.1 unit8—
7-
Lg/d = 1.6667 
W =0.4
4-
2 -
0 1 2 43
Lo/d
Fig. A3.3 Orifice transmission factor, W^, as a
function of Lo/d (105).
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